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ABSTRACT
A. A study  of metal s p e c i a t i o n  us ing a tw o -s ta g e  e l e c t r o t h e r m a l  
a to m iz e r .
A tw o -s tag e  atomic a b s o rp t io n  a tom ize r  has been des igned  and 
b u i l t .  I t  c o n s i s t e d  of a molybdenum tube  a tom ize r  ma in ta ined  a t  
high te m pera tu re s  {2200°C f o r  example)  and a molybdenum tube  
v a p o r i z e r  which was g r a d u a l ly  hea ted  from room te m p era tu re  up t o  
high t e m p e ra t u r e s .  A sample was p laced  w i th in  th e  l a t t e r  s e c t i o n  
when i t  was c o o l ,  and while  th e  former  was h e a t e d .  Subsequen t ly ,  
t h e  v a p o r i z a t i o n  s e c t i o n  was g r a d u a l ly  hea ted  and t h e  evolved 
gases  were e n t r a i n e d  by th e  c a r r i e r  gas th rough  th e  a to m iza t io n  
s e c t i o n  and i n t o  th e  o p t i c a l  l i g h t p a t h .  Atomic a b s o rp t io n  versus  
te m p era tu re  cu rves  were ob ta ined  f o r  Pb, Zn and Cd compounds. The 
r e s u l t a n t  da ta  were s i m i l a r  in many r e s p e c t s  t o  th o s e  ob ta ined  by 
conven t iona l  thermal a n a l y s i s  but a t  much lower c o n c e n t r a t i o n s  (or  
about  10"® g ) .
Low tem p era tu re  peaks were observed us ing  t h e  tw o-s tage  
a tom ize r  i n d i c a t i n g  a to m iza t io n  of  s a l t s  v o l a t i l i z e d  a t  low 
t e m p e r a t u r e s .  A s i m i l a r  s tudy with  a PE*403 g r a p h i t e  fu rnace  
rev ea led  no low te m p era tu re  peaks ,  presumably because a to m iza t io n  
a t  low te m p era tu re s  was not  ach ieved .
S o lu t io n s  of  lead  h a l id e s  gave peaks co r respond ing  t o  th e  
vapor ized  lead  h a l i d e  as well as t o  t h e  ox ide .  S im i l a r  r e s u l t s  
were a l s o  observed with  cadmium s o l u t i o n s .  These gave an 
i n d i c a t i o n  of  th e  form of  th e  metal compounds t h a t  was being 
v o l a t i l i z e d  from each s o l u t i o n .
Lead in  a i r  p a r t i c u l a t e s  appeared t o  be p r e s e n t  as th e  oxide
xvi
and o th e r  u n i d e n t i f i e d  forms.  This  p r e l im in a ry  s tudy  I n d i c a t e d  
t h a t  t h e  t e c h n iq u e  shows high p o t e n t i a l  f o r  s p e c i a t i o n  of  metal 
s a l t s  a t  low c o n c e n t r a t i o n s .
B. Laser  induced IR f l u o r e s c e n c e  as a GC d e t e c t o r .
Following encouraging  work on remote sens ing  of  a tmospher ic  
p o l l u t a n t s  us ing  l a s e r  induced IR f l u o r e s c e n e ,  t h e  phenomenon was 
s tu d i e d  as an in  s i t u  GC d e t e c t o r .  R e s u l t s  showed t h a t  c o l l i s i o n  
d e a c t i v a t i o n  on t h e  w a l l s  of  th e  d e t e c t o r  g r e a t l y  reduced 
f lu o r e s c e n c e  i n t e n s i t y .  This e s s e n t i a l l y  v i t i a t e d  th e  uses of 
t h i s  te chn ique  as a s e n s i t i v e ,  con t inous  f low GC d e t e c t o r .
PART I
AN ELECTROTHERMAL TWO STAGE ATOMIC ABSORPTION ATOMIZER FOR 
SPECIATING INORGANIC SALTS
I . -INTRODUCTION.
For many y e a r s  man has sought  t o  unders tand  h i s  environment whether 
s imply out of  c u r i o s i t y  or because of d e s i r e .  The l a t t e r  has o f ten  been 
dr iven  by man's cont inuous  ques t  to  improve h is  h e a l th  and m a te r ia l  
w e l f a r e .  In th e  p ro c e s s ,  many abuses of  n a tu re  have occured o f t e n  out  
of  ignorance  or  lack of  concern .  Only in  th e  l a s t  few decades have any 
s e r i o u s  e f f o r t s  been under taken  t o  curb or c o n t ro l  t h e s e  d e t r im e n ta l  
a c t i v i t i e s .
Many such a c t i v i t i e s  a re  being r e g u la t e d  e s p e c i a l l y  when they 
i n t r u d e  in  th e  l i v e s  of  o t h e r s ,  but t h e s e  r e g u l a t i o n s  a re  sound when 
i n s i g h t  i s  a v a i l a b l e .  One im por tan t  area  concerns  p o l l u t a n t s  r e l e a s e d  
in t o  th e  environment from e x i s t i n g  and emerging i n d u s t r i e s ,  o r  n a tu ra l  
s o u r c e s .  For example,  i t  i s  im por tan t  t o  unders tand  how a volcano 
e ru p t i o n  or  the  p e r s i s t e n c e  in  th e  atmosphere of  compounds em i t t ed  from 
automobiles  might a f f e c t  the  envi roment.  Much e f f o r t  has a l re a d y  been 
channeled i n t o  th e  i d e n t i f i c a t i o n  of such r e l e a s e d  m a t e r i a l s ,  and 
r e s u l t s  have been compiled p rov id ing  a b e t t e r  p i c t u r e  of  our 
envi ronment.
A s p e c i f i c  example of  t h e  s t u d i e s  necessa ry  fo r  p rope r  r e g u la t io n s  
i s  p rovided  with  th e  a i r  t h a t  we b r e a t h e .  We know t h a t  we must keep i t  
c l e a n ,  but we must a l s o  look a t  th e  r e p e rc u s s io n s  on th e  whole system 
t h a t  t h e  emission of  gases or  p a r t i c u l a t e s  might have .  In doing so a
1
s y s t e m a t i c  o b s e rv a t io n  of many paramete rs  has been u nder taken .  For 
example,  i t  i s  im por tan t  t o  know th e  source  of  p a r t i c u l a t e  em is s io n s ;  
obse rv ing  t h e i r  r e a c t i v i t i e s  1n t h e  atmosphere w i l l  a l s o  p rov ide  
In fo rm at ion  as t o  t h e  p o t e n t i a l  harm or b e n e f i t  t h a t  t h e s e  have on man 
and th e  env i ronment.  C o l l e c t i n g  p a r t i c u l a t e  samples f o r  a n a ly se s  i s  
o f t e n  achieved  by any number of  methods and o f t e n  invo lve  s e p a r a t i n g  
them by s i z e  o r  chemical form.
The same comments apply t o  w a te r  p o l l u t i o n  r e s u l t i n g  from s h o r t  
te rm i n j e c t i o n  (dumping or  p r e c i p i t a t i o n ) ,  or  by slow exposure over th e  
y e a r s  (as l e ach in g  from t h e  ground) .
A. S p e c i a t i o n .
S p e c i a t io n  i s  th e  d e t e rm in a t io n  of  th e  phys ico-chemical  forms of  an 
element or  compound. I t  i s  o f t e n  i n s u f f i c i e n t  t o  measure t h e  t o t a l  
amount of an element p r e s e n t  in a sample.  I t  i s  f r e q u e n t l y  necessary  t o  
go a s tep  f u r t h e r  and s p e c i f i c a l l y  i d e n t i f y  th e  chemical form of th e  
m e ta l .  Much work has a l r e a d y  been done in t h e  s p e c i a t i o n  o f  o rg an ic  
m a t e r i a l ,  such as d i s t i n g u i s h i n g  between s i m i l a r  compounds such as 
s t y r e n e  and s ty r e n e  oxide  ( thought t o  be a s u spe c ted  c a r c in o g e n ) .
Another example of s p e c i a t i o n  i s  t h e  d i s t i n c t i o n  between geometr ic  
isomers l i k e  fumaric ac id  and male ic  ac id  ( th e  l a t t e r  being t o x i c 1 ) ;  or  
benzo (a ) -py re ne  which i s  c a r c i n o g e n i c ,  benzo (e ) -py re ne  which i s  thought 
t o  be a mutagen and a p rom ote r /coca rc inogen  , and pyrene a su spec ted
mutagen.  There a l s o  a r e  many cases  in v o lv in g  b i o l o g i c a l l y  im por tan t
compounds where only one of t h e  isomers might be b i o l o g i c a l l y  a c t i v e ,
w hi le  th e  o th e r s  a r e  n o t .
B. Techniques for  s p e c ia t io n  of organic compounds.
Some of th e  more r e c e n t l y  used te c h n iq u e s  1n which o rgan ic  
compounds were being s p e c l a t e d ,  Inc lude  th e  use of  gas chromatography 
w i th  f lame I o n i z a t i o n  as d e t e c t o r  (GCFID) t o  moni tor  hydrocarbons  1n th e  
ambient  a i r  ( in c lu d in g  t o t a l  and non methane h yd roca rbons )0 ; F o u r i e r  
t r a n s f o r m  I n f r a r e d  has been coupled t o  gc,  and c a p i l l a r y  gc,  and have 
become powerful t o o l s  f o r  compound spec ia t ion*^"®  An e x c e l l e n t  review 
a r t i c l e  conce rn ing  GC-FTIR 1s a v a i l a b l e  by Er ickson^ in  which he a l s o  
d i s c u s s e s ,  double beam GC-FTIR. Another example of a non-metal 
s p e c i a t i o n  te ch n iq u e  i s  t h e  coup l ing  of  l i q u i d  chromatography with  FTIR 
(LC-FTIR), both in  t h e  gel permeation (GPC) and normal a d s o rp t io n  modes, 
t o  look a t  p a r a f i n  o i l  components.® Others  have used mass spec t rom etry  
as a LC d e t e c t o r  (LC-MS)®, and th e  use of  an LC-micro MS has a l s o  been 
r epo r te d .*®  The i n t e r f a c i n g  of  t h e s e  te ch n iq u es  has been q u i t e  
c h a l l e n g i n g ,  but they  have been used t o  moni to r  some a i rb o r n e  p o ly c y c l i c  
a rom a t ic  hydrocarbons (PAH).
Another method i s  LC-*HNMR used t o  i d e n t i f y  hydrocarbons in 
pe t ro leum  and s y n t h e t i c  f u e l s ,  in  an o n - l i n e  mode, or  con t inous  
f low .**  (Other NMR nuc le i  have a l s o  been t r i e d ) .
Laser  f l u o r i m e t r y  as an LC d e t e c t o r  has a l s o  been used with  
1 ?microcolumns.  S  Some examples of  t h i s  approach in c lu d e  measuring low 
l e v e l s  of  porphyrins*® and low l e v e l s  of  z ea ra le n o n e  in  corn*^ (p o te n t  
e s t r o g e n i c  m i c r o to x i n ,  s u sp e c ted  of  caus ing  i n f e r t i l i t y  in c a t t l e  and 
sw ine ) .  S i m i l a r l y ,  t h i n  l a y e r  chromatography was used t o  measure very 
low l e v e l s  (pg amounts) of  a f l a t o x i n s . * ®  Review p u b l i c a t i o n s  of t h i s  
approach have been published*®**^ which d i s c u s s  t h e  a p p l i c a t i o n s  t o  t h e
analyses  of several organic compounds such as drugs, antitumor agen ts ,
coal c o n s t i t u e n t s  and th e  l i k e .
Another i n t e r e s t i n g  chromatography d e t e c t o r  has been t h e  use of
p i e z o e l e c t r i c  c r y s t a l s  in  GC.*® They have been used t o  monitor  o rgan ic
1Qgases in ambient  a i r  . T he i r  use in  LC i s  a l s o  being i n v e s t i g a t e d  and
i s  in th e  e a r l y  s t a g e s  of  deve lopm en t .20
One i n t e r e s t i n g  t e c h n iq u e ,  in  s p e c i a t i o n ,  i s  t h a t  of  FT-MS which
has been coupled t o  c a p i l l a r y  GC.21,22 The use of MS u n i t s  in  tandem i s
a l s o  a powerful approach and i s  being used t o  a c o n s id e r a b l e  ex t e n t  
99now. Wilkins e t  a l .  have combined GC-FTIR-MS t o  ana lyze  o rgan ic  
samples.
C. Methods f o r  metal s p e c i a t i o n .
Some examples i l l u s t r a t i n g  t h e  need f o r  metal s p e c i a t i o n  inc lude  
t h e  o x id a t io n  s t a t e  dependency of  antimony and chromium in t h e i r  
t o x i c o l o g i c a l  e f f e c t s .  Numerous s t u d i e s  a t t em p t in g  t o  c o r r e l a t e  t h e  
t o x i c i t y  of  one form over  an o th e r  have been r e p o r t e d .  Other s t u d i e s  
have l i n k ed  a r s e n i c  t r i o x i d e  t o  lung cancer  whereas o rg a n o a r s e n i c a l s  
have not  been l in k ed  t o  c a r c i n o g e n i c i t y .  There a l s o  have been 
c o n s i d e r a b l e  s t u d i e s  c o r r e l a t i n g  t h e  p resence  of  c h e l a t i n g  agen ts  in the  
waterways with  th e  t o x i c i t y  and c o n c e n t r a t i o n  of  metal f r e e  ions  in 
them. Some examples of  t h e s e  b ioassay  s t u d i e s  in c lu d e  c o r r e l a t i n g  t h e  
t o x i c i t y  of  z in c  ions  t o  a l g a e ,  r a t h e r  than  th e  t o t a l  amount of  w a te r  
s o lu b l e  metal ( in c lu d in g  t h e  complexed fo rm)2^.  In t h e  same way, f r e e
pc
cadmium ions were c o r r e l a t e d  t o  t h e  i n t o x i c a t i o n  of g ras s  shr imp. 3 In 
a few cases  i t  has been found t h a t  some complexing agen ts  a c t u a l l y
p c  p n
I n c r e a s e  t h e  uptake  of a m e t a l T h e r e f o r e ,  1t  becomes q u i t e  
e v i d e n t  t h a t  knowing th e  t o t a l  metal c o n c e n t r a t i o n  in  a p a r t i c u l a r  
sample,  such as w a te r  or  a i r ,  can only p a r t i a l l y  t e l l  us about  a 
t o x i c i t y  problem t h a t  might e x i s t .  S p e c i a t io n  of th e  metal  chemical 
forms 1s e s s e n t i a l .  Thus 1 t  could  be p o s s i b l e  t o  t o l e r a t e  a high metal 
c o n c e n t r a t i o n  as long as t h e  t o x i c  form was a t  low l e v e l s .
Our a t t e n t i o n  w i l l  be focused  on th e  s p e c i a t i o n  of  metal compounds, 
both o rg an o m e ta lU c  or  I n o rg a n ic  in  n a t u r e .  To accompli sh t h i s  a t  low 
l e v e l s  i s  a cha l l e n g e  t o  a n a l y t i c a l  I n s t r u m e n t a t i o n .  Although metal 
s p e c i a t i o n  a n a l y s i s  i s  a r e l a t i v e l y  r ece n t  f i e l d ,  many d i f f e r e n t  
approaches  have been taken  and th e s e  many in n ova t ions  w i l l  be d esc r ibed  
i n  t h r e e  broad c a t e g o r i e s :  chemical s e p a r a t i o n  schemes,  which may be
coupled  t o  in s t ru m e n ta l  methods; in s t ru m en ta l  t e c h n i q u e s ,  mostly 
emphasizing the  coupl ing  of  th e s e  and; s p e c i a t i o n  as a r e s u l t  of thermal 
d eg ra d a t io n  of samples .
C l .  Chemical S e p a r a t io n .
Examples of  th e  s e p a r a t i o n  of meta ls  us ing  e x t r a c t i o n ,  
p r e c i p i t a t i o n  and hydr ide  g e n e r a t i o n  w i l l  be given 1n t h i s  s e c t i o n .  One 
im p o r tan t  a p p l i c a t i o n  in  t h e  use o f  chemical s e p a r a t i o n  f o r  metal 
s p e c i a t i o n  has been th e  development of methods f o r  s p e c i a t i n g  a r s e n i c .  
This has been brought  about  because of th e  d i f f e r e n t  t o x i c i t y  e f f e c t s  
t h a t  a r s e n i t e s  and a r s e n a t e s  each have ,  and which a r e  themselves  
d i f f e r e n t  from th o s e  of  o r g a n o a r s e n i c a l s .  (Arsenic i s  mos tly  used in 
a g r i c u l t u r e  as h e r b i c i d e s ,  p e s t i c i d e s ,  and wood and c o t to n  
p r e s e r v a t i v e s . )
Adams e t  al .^® developed a p rocedure  in which they  used ammonium
s e c - b u ty l d i th 1 o p h o s p h a t e  1n hexane as s o l v e n t ,  t o  s e l e c t i v e l y  
p r e c o n c e n t r a t e  a r s e n i c  ( I I I )  from w a te r  samples and then  b a c k - e x t r a c t i n g  
1t  In to  w a te r ,  w ith  subsequent  a n a l y s i s  by atomic  a b s o rp t io n  
spec t rom et ry  (AAS). Arsenic  (V) was chem ica l ly  reduced and then  
ana lyzed  s e p a r a t e l y  fo l low ing  th e  same p ro ced u re .  Another example of a 
more s p e c i f i c  method f o r  a r s e n i c  s p e c i a t i o n  i s  t h a t  r e p o r te d  by Braman 
e t  al .^® in  which nanogram l e v e l s  of  a r s i n e s  were d e t e c t e d  in  wate r  
samples .  T he i r  p rocedure  c o n s i s t e d  of  reducing  a r s e n i c  compounds 1n pH 
b u f f e r e d  s o l u t i o n s  as t h e  a r s e n i t e  and a r s e n a t e  1ons,  m e th y la r s o n lc  and 
d i m e t h y l a r s l n i c  a c i d s .  Reduction was accomplished with  t h e  a d d i t i o n  of 
sodium b o rohydr ide .  Arsenic  ( I I I )  was reduced a t  pH 3 . 5 - 4 ,  and th e  
o th e r  forms a t  pH of 1 -2 .  The r e s p e c t i v e  a r s i n e s  were t r a p p e d  a t  l i q u i d  
n i t r o g e n  te m pera tu re s  and subsequen t ly  were i n d i v i d u a l l y  r e l e a s e d  as t h e  
c o l l e c t i o n  tube was hea ted  over a 1-2 minute p e r io d .  F inal  d e t e c t i o n  was 
done by atomic emission  from a d . c .  e l e c t r i c  d i s c h a r g e .  The a u tho rs
o n
a l s o  r e p o r t e d  us ing  t h e  method t o  ana lyze  b i o l o g i c a l  samples , as  well 
as  f i l t e r e d  a i r  and p a r t i c u l a t e  samples^*.
A s i m i l a r  approach t o  th e  s p e c i a t i o n  of  a r s e n i c  was r e p o r te d  by 
Howard and A r b a b - Z a v a r ^  where t h e  i n o r g a n i c  and o rg an ic  s p e c ie s  were 
t r a p p e d  as a r s i n e s ,  and then  s e l e c t i v e l y  v o l a t i l i z e d  i n t o  th e  o p t i c a l  
pa th  of  an atomic a b s o r p t i o n  system. They a l s o  r e p o r te d  the  
i n t e r f e r e n c e s  s u f f e r e d  by the  p resence  of  s eve ra l  m e ta l s .
Another example of chemical s e p a r a t i o n  as a means of  metal
O')
s p e c i a t i o n  i s  t h a t  proposed by Han-Wen, Xiao-Quan and Zhe-Ming . In 
t h e i r  p rocedure  they  were ab l e  t o  d i f f e r e n t i a t e  antimony ( I I I )  from th e  
(V) s t a t e  by f i r s t  e x t r a c t i n g  t h e  former  in chloroform-BPHA (N-benzoyl-  
N-phenylhydroxyl  amine) ,  over  wide pH range w i thou t  i n t e r f e r e n c e  of
antimony (V). The e x t r a c t  th e n  was ana lyzed  by AAS us ing  copper as a 
m a t r ix  m o d i f i e r .  ( I t  i n c r e a s e s  t h e  appearance  t e m p e ra tu r e  of  an timony,  
t h e r e f o r e  a l low ing  a h ig h e r  a s h in g  t e m p e ra tu re  of  about  1000° or  above;  
t h i s  e f f e c t  1s b e l i e v e d  t o  be due t o  t h e  fo rm at ion  of  a s t a b l e  a l l o y  or  
s o l i d  s o l u t i o n ) .  The antimony (V) would then  be chem ica l ly  reduced with 
po tass ium  I o d i d e ,  and ana lyzed  1n th e  same way as d e s c r ib e d  above.
A f i n a l  s p e c i f i c  example w i th in  t h i s  ca tego ry  of  chemical 
s e p a r a t i o n  i s  t h e  a p p l i c a t i o n  of a s e q u e n t i a l  e x t r a c t i o n  scheme t o  s o l i d  
sam ples .  T e s s l e r  e t  a l . developed a scheme and a p p l i e d  i t  f i r s t  t o  a 
sample of  r i v e r  s e d i m e n t s , 33 and was a l s o  a p p l i e d  t o  s t r e e t  d u s t s  and 
ro a d s id e  s o i l s  by H ar r i son  e t  a l . 34 The s e q u e n t i a l  e x t r a c t i o n  c o n s i s t e d  
of s e p a r a t i n g  some 6 t r a c e  meta ls  (as well as i ron  and manganese) i n t o  
f i v e  d i f f e r e n t  f r a c t i o n s :  (1)  exchangeab le  m e ta ls  ( those  adsorbed t o
sedim ents  and e x t r a c t e d  by changing i o n i c  s t r e n g t h  in a magnesium 
c h l o r i d e  s o l u t i o n ) ;  (2) t h e  ca rb o n a te  f r a c t i o n  ( fo r  those  a s s o c i a t e d  
with  sediment  c a r b o n a t e s ,  and e x t r a c t e d  by a subsequent  change in  pH);
(3) t h o s e  bound to  i ron  and manganese oxides  (which a r e  e x c e l l e n t  
scavenge rs  f o r  t r a c e  m e ta l s ,  and th e  s e p a r a t i o n  was accomplished by 
com ple te ly  d i s s o l v i n g  th e  i ro n  o x i d e s ) ;  (4)  th o s e  bound t o  o rgan ic  
m a t t e r ,  e s p e c i a l l y  humic and f u l v i c  ac id s  (where t r a c e  elements  were 
r e l e a s e d  by degrading  th e  o rgan ic  m a t t e r  under  o x id i z in g  c o n d i t i o n s ) ;
(5) and r e s id u a l  (which was d i g e s t e d  in a H F-p e rch lo r ic  ac id  m i x t u r e ) .  
The r e s u l t i n g  f r a c t i o n s  from t h e  s e q u e n t i a l  s e p a r a t i o n  were ana lyzed  by 
AAS (an d /o r  d i f f e r e n t i a l  p u l s e  ASV34) and a l s o  w i th  x -ray  d i f f r a c t i o n  
(XDF). Although t h e  scheme was not  e n t i r e l y  s p e c i f i c  i t  was r e p o r t e d  t o  
revea l  a c o n s id e r a b l e  amount o f  in fo rm a t io n  conce rn ing  th e  m e t a l s '  
m o b i l i t i e s  and b i o a v a i l a b i l i t i e s .
I t  has been p o in t e d  out  t h a t  waterways ,  and t h e  s e a ,  a r e  n a tu ra l  
s in k s  f o r  most of  t h e  envi ronmenta l  con tam ina n ts .  An e x c e l l e n t  review 
on s p e c i a t i o n  of  t r a c e  meta ls  1n wate rs  has been pub l i she d  by 
F l o r e n c e . 35 He po in ted  out  t h a t  1f a d i r e c t  s p e c i a t i o n  a n a l y s i s  could  
not  be performed,  then  p r i o r  s e p a r a t i o n  us ing  1on exchange 
chromatography was p r e f e r a b l e  over  s o lv e n t  e x t r a c t i o n  p ro c e d u re s ,  
because  i t  1s l e s s  prone t o  con ta m in a t io n .  He a l s o  p o in ted  out th e  
im por tan t  r o l e  t h a t  humic a c id s  play 1n th e  a d s o r p t i o n  of  t r a c e  me ta ls  
1n w a t e r s ,  e s p e c i a l l y  as they  u s u a l l y  coa t  I ron oxide  and c lay  
p a r t i c l e s .  He a l s o  noted t h e  Importan t  e f f e c t  t h a t  pH has on th e  
a d s o r p t i o n  phenomenon.
C2. In s t rum en ta l  Methods and Technique Coupling.
The idea l  procedure  f o r  s e p a r a t i o n  i s  a d i r e c t  sample a n a l y s i s  but 
t h i s  i s  very c h a l l e n g i n g  e s p e c i a l l y  when th e  t o t a l  metal c o n c e n t r a t i o n s  
a r e  low in  t h e  f i r s t  p l a c e .  A genera l  overview o f  a v a i l a b l e  
In s t rum en ta l  t e c h n i q u e s ,  fo l lows  1n which we s h a l l  exc lude  any t h a t  use 
thermal  deg rad a t io n  f o r  metal s p e c i a t i o n .
(a)  Anodic S t r i p p i n g  V oltametry .
One such method Is  t h a t  of  anodic  s t r i p p i n g  vo l tam et ry  (ASV) which 
al lows t o  perform some s p e c i a t i o n  and i s  mostly being used f o r  
s p e c i a t i n g  meta ls  1n n a t u r a l  w a te r  samples .  This  1s done on t h e  b a s i s  
of  d i f f e r e n t  o x id a t io n  s t a t e s  of  t h e  e l e m e n t s ,  d e s c r ib e d  as "bound" 
versus  " f r e e "  metal {or "ASV-labi le"  m e t a l . )  D i f f e r e n t i a l  pulse-ASV 
(DPASV) has lower d e t e c t i o n  l i m i t s  but i s  sometimes s u b j e c t  t o  problems 
l i k e  being s e n s i t i v e  t o  s u b s tan ces  a f f e c t i n g  t h e  r a t e  of  r e a c t i o n  a t  th e  
e l e c t r o d e ,  a n d /o r  peak h e ig h t  and peak p o t e n t i a l . 36-38 Another problem
a s s o c i a t e d  with  t h i s  high frequency method i s  t h e  p roduc t ion  of
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tensammetric  waves , which a r e  t h e  r e s u l t  of a d s o r p t i o n - d e s o r p t i o n  
p ro c e s s e s  a t  th e  mercury e l e c t r o d e  t h a t  can be mistaken  f o r  metal  ion  
waves. Some workers have used DPASV keeping t h e  pH of t h e  s o l u t i o n  
c o n s t a n t  (while s t i l l  removing d i s s o l v e d  oxygen),  and were ab le  t o
OQ
s p e c i a t e  metals  in wate r  samples a t  t h e i r  n a tu ra l  pH. 3
Other commmonly used methods f o r  w a te r  samples inc lude  
u l t r a f i l t r a t i o n  and d i a l y s i s  but both s u f f e r  from metal con tam ina t ion  
and metal a d s o rp t io n  on t h e  s u r f a c e s ^ .  B ioassay ing ,  which was 
p r e v io u s ly  mentioned ,  i s  a n o th e r  well used techn ique  but i s  t ime 
consuming and somewhat r e s t r i c t i v e  t o  t h e  s p e c ie s  under o b s e r v a t i o n .
Ion s e l e c t i v e  e l e c t r o d e s ,  gel chromatography and r a d i o t r a c e r s  have a l s o  
been used in s p e c i a t i o n  but  a re  not  widely used .
(b) X-ray t e c h n iq u e s .
X-ray d i f f r a c t i o n  (XRD) i s  a powerful too l  f o r  th e  i d e n t i f i c a t i o n  
of  va r ious  m e ta l s .  I t  has been used in  th e  a n a l y s i s  of  a i r  p a r t i c u l a t e s  
samples40’^ 1 , and s o i l  samples.  B i r k s ^  d e s c r ib e d  th e  advances made in 
m a te r i a l  c h a r a c t e r i z a t i o n s  us ing  XRD and XRF combined. Although 
s t a n d a rd  X-ray a b s o rp t io n  does not  e a s i l y  lend  i t s e l f  f o r  s p e c i a t i o n ,  
some have s u c c e s s f u l l y  used 'ex tended  x- ray  a b s o rp t io n  f i n e  s t r u c t u r e 1, 
with an i n t e n s e  source  f o r  metal s p e c i a t i o n  a n a l y s e s ^ .  S im ul taneously  
they  measured t h e  f lu o r e s c e n c e  i n t e n s i t y  of  t h e  c h a r a c t e r i s t i c  x - rays  t o  
make q u a n t i t a t i v e  a n a l y s i s .
(c )  Chromatography.
Liquid chromatography io n ,  exchange and gas chromatography have
been e x t e n s i v e l y  used in  t h e  d e t e rm in a t io n  o f  chemical form of m e ta l s .  
Paper chromatography has a l s o  been used f o r  some m e ta ls  u s in g  
polyphenol  1c compounds as spray  r e a g e n t s 44 .
(1)  Liquid chromatography (LC); t h i s  approach has been 
coupled with seve ra l  o th e r  te ch n iq u es  and in many cases  s p e c i f i c a l l y  f o r  
metal d e t e r m in a t io n .  Flame atomic a b s o r p t i o n  (LC-FAAS) has s u c c e s s f u l l y  
been used f o r  t h e  d i r e c t  d e t e rm in a t io n  of  f i v e  t e t r a a l k y l  lead  compounds 
in g a s o l i n e  s a m p l e s .45 The use of  HPLC-AAS has been re p o r te d  in t h e  
s p e c i a t i o n  of t h e  in o rg a n i c  s a l t s  of  a r s e n i c ,  as  well  as  o rg a n ic  a r s e n i c  
compounds in  s o i l s  and d r in k in g  w a te r* 4 5 , 4 ^ The same approach was used
AQ
f o r  t h e  d e te rm in a t io n  of  in o rg a n ic  c o b a l t  from vitamin
In a few cases  however, s t a b l e  o rg a n o m e ta l l i c  complexes do not
f u l l y  decompose. Also some meta ls  form c a rb i d e s  with  t h e  g r a p h i t e  1n
th e  atomic a b s o rp t io n  f u r n a c e s .  Some of t h e s e  i n t e r f e r e n c e s  have been
reduced by changing th e  f u rn a c e ,  or  t h e  fu rnace  s u r f a c e ,  or  by adding a
m a t r ix  m o d i f i e r .  Such was th e  case  in  a s tudy with  se lenium in  which
AQd i v a l e n t  n ic ke l  was added as a m o d i f i e r .  . The a d d i t i o n  of  n ic ke l  
decreased  th e  v o l a t i l i t y  of  t h e  a n a l y t e  and was thought  t o  form a 
n i c k e l - s e l e n l d e  which a l s o  enhanced t h e  s i g n a l 50 . In one study 
organolead  compounds were de te rmined by HPLC-AAS in  which t h e  s e p a r a t e d  
f r a c t i o n s  were reduced by io d in e  and subsequen t ly  ana lyzed  by th e  non­
flame AAS. In an o th e r  s tudy  o rg a n o t ln  compounds were a l s o  de termined  in 
which th e  s e p a r a t e d  f r a c t i o n s  were f e d ,  in a pu lsed  mode, d i r e c t l y  i n t o  
a z i rcon ium  coa ted  g r a p h i t e  t u b e . 5*
Atomic emission  LC i s  an o th e r  v e r s a t i l e  t e c h n iq u e .  A f e a s i b i l i t y  
s tudy us ing  some 25 elemen ts  was q u i t e  s u c c e s s fu l  us ing  HPLC-ICP (argon 
p la sm a)5^.  Another example of t h e  use of  emission  as a metal d e t e c t o r
1n LC was t h a t  1n which gel permeat ion HPLC-ICP was used t o  s p e d a t e  and 
conduct  e lementa l  a n a ly se s  on sev e ra l  samples* In c lu d in g  v i tamin  B ^ *  
and sev e ra l  p r o t e i n s . 53 Tay lo r  e t  a l . 54 a l s o  used ICP as a d e t e c t o r  1n
t h e  a n a l y s i s  of  o rg an o m e ta lU c  compounds found 1n s o lv e n t  r e f i n e d
c o a l .  T he i r  system c o n s i s t e d  o f  s e p a r a t i n g  n ine  f r a c t i o n s  from th e  
sample by s e l e c t i v e  e l u t i o n  s o lv e n t  chromatography.  Subsequen t ly ,  15 
m e ta ls  were monitored by plasma em iss ion  a t  t h e  end of  a s i z e  ex c lu s io n
column coupled t o  t h e  ICP.
(2) Ion exchange chromatography (IEC): t h i s  approach i s  e s p e c i a l l y  
well s u i t e d  f o r  t r a c e  metal s p e c i a t i o n  1n n a t u r a l  w a t e r s ,  because t h e  
a n a ly se s  can be c a r r i e d  out with  l i t t l e  m a n ip u la t i o n s .  Van Loon e t  
a l . 55, and N a r a n j i t 55, have coupled IEC with  AAS f o r  t h e  d e t e rm in a t io n  
of  chromium 1n a i r  and w ate r  samples.  Other examples of  s p e c i a t i o n  
s t u d i e s  us ing  IEC a r e  given and r e f e r e n c e d  1n a review by F lo rence  . He 
a l s o  inc luded  some a p p l i c a t i o n s  of metal s p e c i a t i o n  t o  t h e  s tudy of  the  
t r a n s f e r  of heavy meta ls  a c ro s s  b io l o g o c l a l  membranes.
Others  have used IEC-AAS t o  s p e d a t e ,  t h e  now f a m i l a r ,  i n o rg a n ic  
and o r g a n o - a r s e n i c a l s 5^. The a u tho rs  a l s o  p o in t e d  out  o t h e r  d i v e r s e  
d e t e c t i o n  systems which have been used f o r  t h i s  pu rpose .  In a s i m i l a r  
f a s h i o n ,  H e s t e r 58 a p p l i e d  IEC-AAS t o  t h e  a n a l y s i s  of  a r s e n i c a l s  in an 
e x t r a c t  of  f i l t e r e d  a i r  p a r t i c u l a t e s ;  1n both of t h e s e  p rocedures  t h e  
e f f l u e n t  of  t h e  chromatograph was c o n t i n u a l l y  mixed with  th e  a p p r o p r i a t e  
r e a g e n t s  f o r  t h e  p roduc t ion  of  t h e  r e s p e c t i v e  a r s i n e s ,  which were then  
scrubbed from th e  s o l u t i o n  and c a r r i e d  by argon i n t o  a q u a r t z  c e l l ,  
which was hea ted  t o  800°C, where t h e  atomic  a b s o r p t i o n  was c a r r i e d  o u t .
(3) Gas chromatography:  t h i s  form of chromatography has a l s o
been coupled with  o t h e r  methods f o r  t h e  s p e c i a t i o n  o f  m e t a l s .  The most
commonly used have been atomic a b s o rp t io n  and e m ls s s lo n .  The use of  
gamma-ray spec t roscopy  has a l s o  been proposed ,  an example of  which 
Inc lude s  I t s  a p p l i c a t i o n  f o r  t h e  development of  p r e p a r a t i v e  s p e c i a t i o n  
o f  r a d io n u c l id e s  ( a t  t e m p e ra tu r e s  of  up t o  1100°K).6®
An example of  GC-em1ssion spec t roscopy  us ing a hel ium microwave 
em ission  i s  t h a t  r e p o r te d  by Qulmby e t  a l 6® 1n which h a l i d e s ,  and 
s e v e ra l  o t h e r  e l em en t s ,  were s e l e c t i v e l y  d e t e c t e d .  In t h e i r  system they  
In c o rp o ra t e d  a high t e m p era tu re  valve t o  vent  th e  s o l v e n t ,  t h u s  
p r e v e n t in g  th e  plasma from being e x t in g u i s h e d  by 1 t .
A s i m i l a r  s tudy in v o lv in g  a dozen or  so elements  1n w a te r  samples 
was done by Hobbs e t  a l . 61 Others have a l s o  used spark em ission  t o  
s p e d a t e  metal com plexes .613
Many a p p l i c a t i o n s  of  GC-AAS a re  found 1n l i t e r a t u r e  and have mostly 
been used to  s p e d a t e  v o l a t i l e  o rg a n o m e ta l l i c  compounds. Some examples 
i n c lu d e  s t u d i e s  in  which t e t r a a l k y l  lead  was de te rmined in w a te r  and 
homogenized f i s h  samples6^, in  sea w a t e r 6®’6^,  as well as  in  g a s o l i n e 66
fifi fi7and a i r  samples.  S p e c i a t io n  s t u d i e s  a r e  a l s o  under way with
mercury in b io l o g i c a l  f l u i d s ,  th e  r e s u l t s  of which have not  been 
p u b l i sh e d  y e t 6®. A study of  b u t y l t i n 6®, and manganese in  a i r  has a l s o  
been re p o r te d  us ing  GC-AAS.7® (Manganese 1s used as an an t i -k n o ck  
g a s o l i n e  a d d i t i v e . )
A genera l  review concern ing  metal s p e c i f i c  d e t e c t o r s  in 
chromatography (GC and LC) has a l s o  been pub l i she d  by Van Loon7 1 ,7 ^, in  
which he p r i m a r i l y  looks a t  atomic a b s o r p t i o n ,  f lu o r e s c e n c e  and emiss ion  
(microwave plasma em is s ion )  as d e t e c t i o n  sys tems .  Veenlng and
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W 1 l le fo rd /,J a l s o  review th e  a p p l i c a t i o n s  of chromatography in  th e  
s e p a r a t i o n  and d e t e rm in a t io n  of metal c o o r d in a t io n  complexes and
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organometall lc  compounds, with HPLC in p a r t i c u la r .
A somewhat e x t e n s i v e  r ece n t  review of gas chromatography a p p l i e d  t o  
o rg a n o m e ta l l i e  compounds has a l s o  been pub l i she d  by C ro m p to n ^ .  In i t  he 
assembled th e  in fo rm a t io n  by groups of  t h e  p e r i o d i c  t a b l e .
(d)  Mass s p e c t ro m e t ry :  t h i s  method has most ly  been used  with 
o rg an ic  compounds e s p e c i a l l y  when coupled t o  a GC, but i t s  use f o r  
o rg a n o m e ta l l i e  compound i d e n t i f i c a t i o n  i s  growing r a p i d l y .  The advent  
of MS-MS as well as F o u r i e r  t r a n s fo rm  MS has changed th e  scope of  MS 
a p p l i c a t i o n s  by enchancing s e l e c t i v i t y  thus  e n a b l in g  e l u c i d a t i o n  of  the  
s t r u c t u r e  of  l a r g e  and complex m o lecu le s .  S e n s i t i t i v i t e s  have a l s o  
improved, e s p e c i a l l y  with  FTMS, and t h e  few a p p l i c a t i o n s  r e p o r t e d  thus  
f a r ,  have c o n s i s t e d  of  coup l ing  th e s e  MS u n i t s  t o  t e c h n iq u e s  us ing  
thermal deg rad a t io n  of  t h e  sample.
(e)  Other t e c h n i q u e s .  ESCA, SEM, SIMS and XPS ( u s u a l l y  
needing high vacuum) w i l l  not be reviewed h e r e ,  eventhough they  a re  
ex t remely  v a lu a b le  in  t h e  c h a r a c t e r i z a t i o n  of m e ta l s  on s u r f a c e s  or a t  
sha l low d ep th s .
All t h e  examples given th u s  f a r  have not in c luded  s p e c i a t i o n  us ing  
thermal decom posi t ion  in  which t h e  sample i s  hea ted  and th e  evo lved  
gases  ana lyzed .  This  w i l l  be cons ide red  n e x t .
C3. S p e c i a t io n  by thermal d e g ra d a t io n .
Thermal a n a l y s i s  became im por tan t  in  t h e  l a t e  n in e te e n  f o r t i e s  and 
e a r l y  f i f t i e s ,  but i t  has only been in  t h e  l a s t  decade or  so t h a t  t h e  
most growth has taken  p l a c e .  Thermogravimetry (TGA), i s  t h e  t e ch n iq u e  
of probably  th e  g r e a t e s t  impor tance in thermal a n a l y s i s .  I t  can provide 
in fo rm a t io n  concern ing  t h e  thermal s t a b i l i t y  o f  a compound as wel l  as
In fo rm a t ion  on t h e  compos it ion of  p y r o l y s i s  I n t e r m e d ia t e s  and f i n a l  
p r o d u c t ( s ) .  D i f f e r e n t i a l  thermal a n a l y s i s  (DTA) has a l s o  been 
e x t e n s i v e l y  used and a l s o  p rov ides  much u s e fu l  i n f o r m a t io n .  However, 
because they  lack  s e n s i t i v i t y  t h e s e  t e c h n iq u e s  a re  not a p p l i c a b l e  in th e  
d e t e rm in a t io n  of  me ta ls  a t  t r a c e  l e v e l s .  A d e r iv a to g ra p h  dev ised  f o r
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s im u l tan e o u s ly  reco rd in g  t h e rm o a n a l y t i c a l  m e asu re m en ts '3 was s u cces s fu l  
in  de te rm in ing  in o rg a n ic  decomposi t ion  gases such as c h l o r i n e ,  carbon 
d i o x i d e ,  s u l f u r  d io x i d e ,  ammonia, h y d ro c h lo r i c  ac id  and w a te r .  S t i l l ,  
t h e  s e n s i t i v i t y  us ing t h i s  approach did  not  reach ppm l e v e l s .  (In t h i s
system they  had managed t o  s im u l ta n e o u s ly  measure DTA, T, TG,
d i f f e r e n t i a l  TG, the rmal  d i l a t o m e t r y  and i t s  d e r i v a t i v e ,  thermogas 
t i t r i m e t r y  and i t s  d e r i v a t i v e ) .  This  equipment was a l s o  used t o  analyze  
t h e  thermal decomposi t ion  p roduc ts  of  o t h e r  i n o r g a n i c  s a l t s ,  and metal 
complexes.  The major shor tcoming of s t a n d a rd  t h e rm o a n a l y t i c a l  
t e c h n iq u e s  i s  t h a t  they measure only mg q u a n t i t i e s ,  with  t h e  excep t ion  
of micro-DTA i n s t r u m e n t a t i o n ,  d e s c r ib e d  by Maziere^®.
The a n a l y s i s  of  evolved  gases  (EGA) has a l s o  been accomplished with
th e  use of  high r e s o l u t i o n  mass s p e c t r o s c o p y ,  and more r e c e n t l y  with
f o u r i e r  t r a n s fo rm  mass s p e c t ro m e t ry .  An example of t h e  use of MS was 
t h e  study of t h e  decomposit ion  of I n o rg a n ic  s a l t s ,  metal complexes,  
g eo log ica l  samples ,  s u r f a c e  c o a t i n g s ^ .
Another approach in th e  a n a l y s i s  of evo lved  gases i s  us ing i n f r a r e d  
s p ec t ro s co p y  whether  with  a n o n - d i s p e r s i v e  sys tem,  or  band pass f i l t e r s ,  
d i s p e r s i v e  sp e c t ro m e te r s  o r  f o u r i e r  t r a n s f o r m .  For t h e  most p a r t ,  t h e  
samples ana lyzed  by EGA-MS or EGA-IR have been l i m i t e d  t o  t r a c e  o rgan ic  
p o l l u t a n t s ,  sample i m p u r i t i e s ,  s o i l s  samples or  meta ls  and a l l o y s .  They 
have not inc luded  s p e c i a t i o n  o f  t h e  t r a c e  m e ta l s .  The primary reason
f o r  t h i s  has been t h e  f a c t  t h a t  t h e  s e n s i t i v i t i e s  have been In a d eq u a te ,  
w i th  t h e  p o s s i b l e  ex ce p t io n s  of  FTIR and FTMS.
The s p e c i a t i o n  of  m e ta ls  1n In o rg a n ic  compounds by In s t rum en ta l  
a n a l y s i s  has lagged  f a r  behind t h a t  o f  o rgan ic  samples .  One of  t h e  
major d i f f i c u l t i e s  has been t h e  i n a b i l i t y  of  a v a i l a b l e  equipment t o  
handle th e  hot and o f t e n  r e a c t i v e  and c o r r o s i v e  gases produced.  An 
added d i f f i c u l t y  has been th e  p ro v i s io n  f o r  t h e  necessa ry  s e n s i t i v i t y .
As f a r  as chromatography i s  concerned ,  columns and s t a t i o n a r y  phases 
s t i l l  have t o  be developed which a re  ab l e  t o  handle high t e m p e r a t u r e s ,  
and a t  th e  same t ime being non r e a c t i v e .  A mobile phase has a l s o  t o  be 
c a r e f u l l y  chosen so t h a t  i t  can be non r e a c t i v e  with t h e  a n a l y t e s  a t  t h e  
h ig h e r  t e m p e r a t u r e s .
In a r ecen t  p u b l i c a t i o n  Bachmann^® reviewed th e  format ion  of
v o l a t i v e  compounds by meta ls  from s o l i d  samples .  The au thor  noted t h a t
f o r  t e m p era tu re s  below 1000°C t h e r e  e x i s t s  in s t r u m e n ta t i o n  capab le  of
s e p a r a t i n g  many m e ta l s  once they  have been v o l a t i l i z e d .  They t a b u l a t e d
many examples .  The u n d e r ly in g  method i s  t h e  fo rmat ion  of  metal  h a l i d e s ,
h y d r id e s ,  aluminum t r i c h l o r i d e  complexes or  metal c a rb o n y l s ,  and a l s o
some v o l a t i l e  metal  o x id e s ,  as  well  as  reducing  th e  compounds t o  t h e i r
e lementa l  form. The d e t e c t i o n  systems which have been used f o r  t h e s e
in o rg a n i c  compound gas chromatography procedures  in c lu d e  t h e  e l e c t r o n
c a p t u r e ,  the rmal  c o n d u c t i v i t y ,  r a d i o a c t i v i t y  d e t e c t o r s ,  f lame
i o n i z a t i o n ,  hyd r ide  fo rmat ion  with  t h e i r  subsequent  d e t e r m in a t io n ,
e l e c t r i c  c o n d u c t i v i t y , . . .  An example of  s e p a r a t i o n  by h a l id e  fo rmat ion
7Qwas d esc r ibed  by Hamm and Bachmann f o r  z i rconium and hafmium .
Even a t  t h e s e  mid-range  te m p e ra tu re s  much ca re  has to  be taken  with  
t h e  equipment.  As a r e s u l t  mass spec t rom et ry  has not been e x t e n s i v e l y
used ,  e s p e c i a l l y  in  t h e  o n -H n e  mode. X-ray f lu o r e s c e n c e ,  l i k e w i s e ,  i s  
b e s t  ab le  t o  produce good r e s u l t s  i f  t h e  s e p a r a t e d  f r a c t i o n s  a r e  
c o l l e c t e d  f i r s t .  The methods which so f a r  have l e n t  themse lves  t h e  b e s t  
as s p e c i f i c  metal d e t e c t i o n  systems a re  atomic a b s o r p t i o n ,  em ission  and,  
t o  a much s m a l l e r  e x t e n t ,  atomic f l u o r e s e n c e .
Metal s p e c i a t i o n  by thermal d e g ra d a t io n  could  be c l a s s i f i e d  i n t o  
t h r e e  broad c a t e g o r i e s :  (a)  non s p e c i a t e d  t o t a l  e lementa l  a n a l y s i s  in 
which th e  tem p era tu re  a t  which a s igna l  appears  r e v e a l s  something about 
t h e  o r i g i n a l  s p ec ie s  in v o lv ed ,  us ing f o r  t h e  most p a r t  non f lame AAS.
(b) a system in which th e  v o l a t i l i z a t i o n  and d e t e c t i o n  s t e p s  a r e  
com ple te ly  s e p a r a t e d ;  and ( c ) one in which t h e  v o l a t i l i z a t i o n  and 
a to m iza t io n  a re  s e p a ra t e d  y e t  forming 'one u n i t '  in which th e  
te m p e ra tu re  of  e i t h e r  i s  c o n t r o l l e d  s e p a r a t e l y .
(a)  Total  e lementa l  a n a l y s i s  ( n o n - s p e c i a t e d ) .
I t  i s  i n t e r e s t i n g  t o  note  t h a t  because AAS s u f f e r s  from chemical 
i n t e r f e r e n c e s  ( in  th e  presence  of v a r ious  oxyanions f o r  I n s t a n c e )  many 
workers have been s tudy ing  t h e  p roces ses  invo lved  in  t h e  v o l a t i l i z a t i o n  
and a to m iza t io n  s t e p s  of atomic a b s o r p t i o n .  The purpose was t o  render
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t h e  te ch n iq u e  more s e n s i t i v e  and s im p le .  C hak raba r t i  e t  a l .  r e c e n t l y  
r e p o r te d  of an approach which was v i r t u a l l y  f r e e  from m a t r ix  
i n t e r f e r e n c e .  They used a g r a p h i t e  fu rnace  AAS system, with  c a p a c i t i v e  
d i s c h a rg e  h e a t in g :  he a t in g  i s  so f a s t  t h a t  a to m iz a t io n  t a k e s  p la ce
i n s t a n t a n e o u s l y .
I t  has been known f o r  some t ime t h a t  t h e  a to m iz a t io n  of  a metal 
depends t o  a l a rg e  e x t e n t  upon th e  o r i g i n a l  s p e c i e s  of  th e  compound: 
f o r  example,  i t  1s well documented t h a t  h a l i d e s  a re  more v o l a t i v e  than  
o th e r  in o rg a n i c  s a l t s  f o r  a l a r g e  number of  m e ta l s .  Much usefu l
in fo rm a t io n  f o r  metal s p e c i a t i o n  has r e s u l t e d  from th e  s t u d i e s  of  t h e  
e f f e c t  of  s e v e ra l  param ete rs  on v o l a t i l i z a t i o n  mechanisms.  Some such 
param ete rs  Inc lude  m a t r ix  m o d i f i e r s ,  fu rnace  s u r f a c e s  and g eo m e t r ie s ,  
gases p r e s e n t  and evolved  1n t h e  a tom ize rs  and,  h e a t in g  r a t e s .  Among 
t h e  da ta  which has been o b ta in e d ,  t h e  most u sefu l  t o  s p e c i a t i o n  have 
been t h e  appearance  te m p era tu re s  (Ta pp) of  many in o rg a n ic  compounds 
( t em pera tu re s  a t  which a tom iz a t io n  1s r e p o r te d  t o  b e g i n ) .
Some examples of t h e s e  s t u d i e s  in  which a d i r e c t  ana ly se s  was used 
In c lu d e  t h e  e f f e c t s  t h a t  adsorbed oxygen on carbon fu rn aces  had on th e  
a tom iz a t io n  mechanism (or  Tapp) of  metal s a l t s  by Salmon e t  a l .  81 »82 
S i r e  and Voinovitch  have a l s o  s tu d i e d  some of t h e s e  mechanisms by 
combining AAS with  the rm ograv im e try ,  o s c l l l o s c o p y  and e l e c t r o n  
microscopy.  (They looked a t  t h e  e f f e c t s  t h a t  d i f f e r e n t  d ry ing  and 
ash ing  procedures  had on Ta pp and s ig n a l  am pli tudes  f o r  s ev e ra l  metal 
s a l t s . )  Sturgeon e t  a l . have a l s o  proposed mechanisms f o r  compound 
d i s s o c i a t i o n  and metal a to m iza t io n  p ro cesse s  occur ing  in a carbon 
f u r n a c e . 84 They deduced th e  in fo rm a t ion  by p l o t t i n g  te m pera tu re  
a g a i n s t  a b s o r p t i o n ,  and e x t r a p o l a t i n g  e n e rg i e s  of  a c t i v a t i o n  f o r  each 
r e a c t i o n  they  were c o n s i d e r i n g ,  such as t h e  d i s s o c i a t i o n  of  a molecule
o r
in  t h e  gas phase ,  f o r  example.  In a n o th e r  s tu d y ,  Czoblk and Matousek0 
a l s o  have c l o s e l y  observed th e  i n t e r f e r e n c e  e f f e c t s  t h a t  s eve ra l  
compounds had on each o t h e r ,  a t  d i f f e r e n t  c o n c e n t r a t i o n s ,  and a l s o  t r i e d  
t o  d ec re a se  them with  m a t r ix  m o d i f i e r s .  Other r e s u l t s  Inc lude  th o s e  
o b ta in ed  by Tasuda and Kakiyama86 when they  looked a t  decomposi t ion 
p a t t e r n s  (as absorbance  versus  t e m p e ra tu r e )  of  l e a d ,  cadmium and z in c  
s a l t s  in  a carbon fu rnace  us ing  a deuter ium lamp.
Ohta and Suzuki8 ^-88 have looked a t  th e  v o l a t i l i z a t i o n  and
a t o m iz a t io n  t e m p era tu re  c h a r a c t e r i s t i c s  of  some metal s a l t s  in  m e t a l l i c
a to m ize r s  (Mo and W) and n o t i c e d  them t o  be d i f f e r e n t  than  th o s e
observed  1n carbon f u r n a c e s .  S i m i l a r l y ,  C an t le  and West used a
tungs tem f i l a m e n t  a tom ize r  t o  examine t h e  t e m p e ra tu r e s  a t  which m e ta ls  
onv o l a t i l i z e d .  Aggett  and S p r o t t * 4 used a t a n ta lu m  s t r i p  a tom ize r  f o r  
t h e  same purpose and l i k e  Ohta and S u z i k l ,  t h e i r  r e s u l t s  a l s o  d i f f e r e d  
w i th  th o s e  ob ta ined  from g r a p h i t e  f u r n a c e s .  West e t  a l .  a l s o  have looked 
a t  decomposit ion of  metal  s a l t s  from a W-Re (3%) wire  loop a t o m i z e r . ^  
Numerous o th e r  p u b l i c a t i o n s  e x i s t  in which v a r ious  metal and non 
metal  a tomize rs  have been used but t h e  v o l a t i l i z a t i o n  and a to m iza t io n  
mechanisms were not being s t u d i e d  as c l o s e l y  as t h e  above mentioned 
c a s e s .  In most i n s t a n c e s  they  were only looking  a t  t h e  t o t a l  a n a l y s i s  
o f  me ta ls  and were p r i m a r i l y  concerned with  o p t im iz ing  th e  ampli tude  of 
t h e  observed s i g n a l .  In a good number of the  cases  p r e v io u s ly  mentioned 
very f a s t  response  equipment was necessa ry  t o  observe th e  d e s i r e d  
s i g n a l s .  In many i n s t a n c e s  t h e n ,  r e s u l t s  which a re  p e r t i n e n t  t o  metal 
s p e c i a t i o n  has been p rov ided ,  and i t  could  be s a id  t h a t  1t  was done so ,  
ind i  r e c t l y .
(b)  Trapping s e p a r a t e d  f r a c t i o n s .
One approach which can be used i s  t h a t  of having one system which 
s e p a r a t e s  th e  sample I n to  f r a c t i o n s  and r e q u i r i n g  t h a t  t h e s e  f r a c t i o n s  
be i n d i v i d u a l l y  c o l l e c t e d .  Subsequen t ly ,  t h e s e  a r e  a l s o  i n d i v i d u a l l y  
a na ly se d  with  a s e p a r a t e  system.
Some of Bachmann's metal s p e c i a t i o n  work f a l l s  i n t o  t h i s  c a tegory  
(unpubli shed  s t u d i e s  of w ith  a r s e n ic ^ ® ) .  The procedure  invo lved  
c o l l e c t i n g  " s p e c i a t e d  p ro d u c ts "  f o r  subsequent  d e t e r m in a t io n .  This  
approach al lowed one to  perform sev e ra l  s e p a r a t i o n  and c o l l e c t i o n  c y c l e s
b e fo re  th e  f i n a l  a n a l y s i s  was c a r r i e d  o u t .  The concept  i s  not new and 
th e  major drawback a r i s e s  from any sample h an d l in g ,  i n c r e a s i n g  t h e  
l i k e l o o d  of  sample or  p r o d u c t ( s )  co n tam in a t io n .
A system of t h i s  n a tu re  lends  i t s e l f  well  f o r  t h e  use of r e a c t i v e  
gases  dur ing  t h e  slow h e a t in g  program f o r  v o l a t i l i z a t i o n  and /o r  
s e p a r a t i o n  of  s p e c i e s .  But,  t h i s  concept  would not n e c e s s a r i l y  be 
unique t o  a system c l a s s i f i e d  in  t h i s  c a t e g o ry .  This  a rea  of high 
t e m p era tu re  s e p a r a t i o n  has not been exp lored  by many y e t .
(c)  O n- l ine  systems.
In c o n t r a s t  t o  th e  above ca tegory  t h e r e  a r e  many systems in  which 
th e  s e p a ra t e d  f r a c t i o n s  e n t e r  d i r e c t l y  i n t o  th e  second p a r t  of  t h e  
in s t rum en t  where t h e  a n a l y s i s  t a k es  p l a c e .  Thus, t h e  i n t e r f a c e  of  t h e s e  
systems des igned  t o  s e p a r a t e  and ana lyze  d i r e c t l y  can be very i n t r i c a t e .
In t h i s  ca tegory  seve ra l  d i f f e r e n t  approaches  w i l l  be d i s c u s s e d ,  
however,  th e  t o t a l  number i s  s t i l l  r a t h e r  s m a l l .
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S t y r i s  and Kaye”  have coupled an e l e c t r o t h e r m a l  atomic a b s o rp t io n  
fu rn ace  t o  a mass sp e c t ro m e te r  and have fo l lowed th e  mechanism of 
a to m iz a t io n  of  vanadium pen tox ide  from both hea ted  t a n ta lu m  and v i t r e o u s  
g r a p h i t e  a t o m iz e r s .  This t e ch n iq u e  could however, be extended  t o
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f u r t h e r  s p e c i a t i o n  a n a l y z e s .  S i m i l a r l y ,  Kantor e t  a l .  have used a 
g r a p h i t e  (and t a n ta lu m  cup) fu rnace  AAS-flame AAS system t o  look a t  
i n t e r f e r e n c e  s t u d i e s ,  and s p e c i a t i o n ,  mostly  of  i n o rg a n ic  z in c  
compounds.
In o th e r  app roaches ,  Robinson e t  a l * 95 have used a p la t inum w i r e -  
q u a r t z -T  AAS system t o  look a t  p o t e n t i a l  s p e c i a t i o n  c a p a b i l i t i e s ,  mostly 
with  cadmium s a l t s .  The p la t inum wire  was independen t ly  hea ted  in t h i s  
system and th e  evolved gases were drawn d i r e c t l y  onto t h e  hot q u a r t z -T
carbon a to m iz a t io n  bed.  This  procedure  was a l s o  used f o r  a mercury 
s p e c i a t i o n  s t u d y . 96 The system could not  be hea ted  t o  more than  1500°C 
because  of t h e  p la t inum ,  and t h e  q u a r t z ,  s o f t e n i n g  a t  s l i g h t l y  h ighe r  
t e m p e r a t u r e s .  Several  I n o rg a n ic  s a l t s  of  mercury were th e rm a l l y  
decomposed and ana lyzed  1n t h e  l a t t e r  s tudy which a l s o  Inc luded  us ing  a 
Hg-EDTA complex and L-cys te1ne  bound metal {as a p r o t e i n  model) .
Because t h e  samples were very e a s i l y  v o l a t i l i z e d  (a t  r e l a t i v e l y  low 
t e m p e r a t u r e s )  t h e s e  r e s u l t s  were compared t o  th o s e  ob ta ined  by simply 
p l a c i n g  t h e  same samples on a g l a s s  ro d ,  which when lowered I n to  th e  
a tom iz a t io n  chamber was h e a t e d ,  con v ec t lv e ly  and r a d l a t l v e l y ,  by th e  hot 
a t o m ize r  carbon bed.  Only approximate  t e m p e ra tu re  va lues  could be 
a s s ig n e d  t o  th e  r e s p e c t i v e  s i g n a l s  ( e s p e c i a l l y  below 700°C) because of  
equipment l i m i t a t i o n s :  a good number of  peaks appeared soon a f t e r
in t r o d u c in g  th e  samples on th e  to p  p o r t i o n  of  th e  a to m iz e r ,  where r a p id  
c o n v ec t iv e  and r a d i a t i v e  h e a t in g  made t e m p e ra tu re  e s t i m a t io n  
d i f f i c u l t .  S i g n i f i c a n t  "t ime" d i f f e r e n c e s  ( t r a n s l a t i n g  I n to  t e m p e ra tu re  
d i f f e r e n c e s )  were observed which w i l l  p rov ide  a good b a s i s  f o r  f u r t h e r  
d e t a i l e d  s t u d i e s .
Other a u th o rs  have used a hel ium microwave-induced plasma as a 
a to m iz a t io n  system f o r  t h e  d e t e rm in a t io n  of evo lv ing  gases from a hea ted
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sample .  Bauer and Natusch3 '  u t i l i z e d  t h i s  approach t o  i d e n t i f y  and 
measure ,  s e m l q u a n t i t a t i v e l y ,  t h e  ca rbona te  f r a c t i o n  of  coal in  f l y  
a s h .  The samples were g r a d u a l ly  hea ted  1n an Induc t ion  fu rnace  (up t o  
990°C) and th e  evo lved  gases c a r r i e d  t o  th e  plasma d e t e c t i o n  system by 
He. The r e s u l t s  were q u i t e  encourag ing  as t h e  s i g n a l s  were c o r r e l a t e d  
t o  a s e r i e s  of  s e p a r a t e l y  an a ly zed ,  common i n o r g a n i c  ca rbona te  s a l t s .  
However, as  t h e  a u t h o r s  themse lves  adm ited ,  much improvements a re
r e q u i r e d  of  t h e  system t o  produce b e t t e r  r e so lved  s i g n a l s  f o r  t h e  p roper  
I d e n t i f i c a t i o n  of th e  evolved  g a s e s .  Another a p p l i c a t i o n  t h a t  th e  
a u t h o r s  have r e p o r te d  with  t h e i r  system 1s t h a t  of  a more genera l  type  
of  s tudy®0. In I t ,  they  looked a t  t h e  decomposi t ion  c h a r a c t e r i s t i c s  of  
cadmium, mercury,  le ad  and z in c  In o rg a n ic  s a l t s  by m on i to r ing  both th e  
m e t a l l i c  emission  l i n e s  as well  as t h e  a n io n ic  e lementa l  l i n e s .  Very 
I n t e r e s t i n g  c o r r e l a t i o n s  based on s ig n a l  "appearance  t ime"  f o r  th e  
me ta ls  and non me ta ls  were made. They a l s o  p o s t u l a t e d  some v a p o r i z a t i o n  
mechanisms f o r  Ino rg an ic  s a l t s  based on t h e i r  r e s u l t s .  Severa l  of  th e  
problems they  encountered  with  t h e i r  system Inc lude  t h e  fu rn ace  t o  
plasma t r a n s f e r  l i n e ,  t h e  low fu rnace  maximum te m p e ra tu re  and i t s  
h e a t in g  r a t e  c o n t r o l ,  and sample c o n t a i n e r  r e a c t i v i t i e s .  Other problems 
In v o lv in g  th e  samples themselves  were mentioned,  such as r e a c t i o n  
between th e  d i f f e r e n t  components p r e s e n t  w i th in  th e  samples ,  t h e  sample 
s i z e  and t h i c k n e s s ,  and homogeneity.
Ohta e t  a l .  used high  t e m p era tu re  GC-AAS t o  measure some atom vapor
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d i f f u s i o n  c o e f f i c i e n t s  as well as  p r e l im in a ry  a t t e m p t s  a t  metal 
s p e c i a t i o n 100. In t h i s  procedure they  measured th e  "appearance  t im es"  
of copper and manganese n i t r a t e s ,  and magnesium and sodium c h l o r i d e s ,  In 
a t e n  inch  molybdenum tube  (which a l s o  se rved  as  a t o m i z e r ) .  The column 
could  be hea ted  in d i f f e r e n t  s e c t i o n s  t o  d i f f e r e n t  t e m p e r a t u r e s ,  and th e  
a t o m iz a t io n  p o r t i o n  up t o  2200°C. They a l s o  observed  th e  e f f e c t  of 
hydrogen on th e  r e l a t i v e  metal "appearance t im es"  when i t  was added t o  
t h e  argon c a r r i e r  gas .  (Other param ete r s  t h a t  they  were going t o  s tudy 
as w e l l ,  were samples having heavy m a t r i c e s  l i k e  s e a w a te r ,  b i o l o g i c a l  
and o t h e r  env ironmenta l  sam p le s . )
A s h o r t  t ime before  t h e s e  approaches  were r e p o r t e d ,  a s i m i l a r
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concept  was used 1n t h e s e  l a b o r a t o r i e s  when Robinson and Rhodes101 used 
a two s t a g e  a tom ize r  system t o  look a t  t h e  p o t e n t i a l  t h a t  such an 
in s t ru m en t  would have f o r  metal  s p e c i a t i o n .  T he i r  p rocedure  Invo lved  
p l a c in g  a sample 1n t h e  v o l a t i l i z a t i o n  s e c t i o n  w hi le  t h e  s e p a r a t e  
a tom iz a t io n  s e c t i o n  was h o t .  The f i r s t  s e c t i o n  was th e n  g rad u a l ly  
hea ted  up t o  2000°C, fo r  example.  As gases evolved from th e  sample they  
were c a r r i e d  th rough  t o  t h e  hot  a to m iz a t io n  s e c t i o n ,  where t h e  atomic 
a b s o r p t i o n  took p la ce  and t h e  s ig n a l  r e c o rd e d .  Standard  compounds were 
f i r s t  analyzed  b e fo re  any complex samples were used .  Thermal-AAS curves 
o f  In d iv id u a l  l e ad  and cadmium in o r g a n i c  s a l t s  were r eco rded .  They were 
sub se q u en t ly  ab l e  t o  s p e c i a t e ,  though r u d i m e n t a r i l y ,  complexed and 
uncomplexed metal from s o l u t i o n s  in which EDTA complexes had been 
formed.  The s e n s i t i v i t i e s  o b ta in e d  us ing  1000 ppm metal c o n c e n t r a t i o n s  
were f a r  from th o s e  needed f o r  t r a c e  le ve l  measurements.  These were 
improved when t h e  g r a p h i t e  an a ly z in g  s e c t i o n s  were r ep laced  with  
molybdenum tubes  because th e  former  were found t o  become somewhat porous 
w ith  use c r e a t i n g  r e p r o d u c i b i l i t y  and s e n s i t i v i t y  problems.  A s l i g h t  
m o d i f i c a t io n  t o  th e  metal a to m iz a t io n  s e c t i o n  al lowed f o r  s t i l l  s l i g h t l y  
b e t t e r  s e n s i t i v i t i e s  as  well  as  some p r e c i s i o n  improvements:  th e
d iam ete r  of  t h e  ho le  th rough  which th e  gases e n t e r e d  t h i s  s e c t i o n  was 
reduced .  In t h i s  c o n f i g u r a t i o n  th e y  were a l s o  ab le  t o  observe fou r  
d i f f e r e n t  broad s i g n a l s  f o r  a sample of  t e t r a e t h y l  le ad  in a r t i f i c i a l  
sea w a te r .
D.-Two Stage Atomizer.
A c l o s e r  look a t  t h e  param ete rs  invo lved  in  t h e  system mentioned
above was r e q u i r e d  be fo re  any s i g n i f i c a n t  improvement could  be 
accomplished.
The work p re sen te d  in t h i s  d i s s e r t a t i o n  had severa l  purposes :
(a)  t h e  c o n t in u a t i o n  of t h e  f e a s i b i l i t y  s tudy  which had j u s t  begun,  in  
p a r t i c u l a r ,  w ith  th e  a n a l y s i s  of  in o rg a n ic  compounds; (b)  th e  co n t ro l  
of  p rocedura l  param eters  such as p r e c i s e  t e m pera tu re  measurements,  
sample i n j e c t i o n  p r e c i s i o n ,  he a t in g  and f low r a t e s .  These param eters  
d r a s t i c a l l y  a f f e c t e d  s e n s i v i t i t y ,  p r e c i s i o n  and s igna l  r e s o l u t i o n ;  and
( c ) t h e  i n t r o d u c t i o n  of  minor a l t e r a t i o n s  and m o d i f i c a t i o n s  t o  the  
i n s t r u m e n t ,  with  t h e i r  cont inuous  e v a l u a t i o n .  In o rde r  t o  s im p l i fy  t h e  
assembly and improve t h e  s y s tem 's  performance a "second g ene ra t ion  
a tom ize r  was l a t e r  de s igned .  (M odif ica t ions  and a l t e r a t i o n s  t o  t h e  
a tom ize r  took second p l a c e ' t o  t h e  o t h e r  two a s p e c t s ,  p a r t l y  because of 
t h e  r e l a t i v e l y  l i m i t e d  re sources  a v a i l a b l e  f o r  in s t ru m en ta l  development,  
and p a r t l y  because of  th e  leng th  of t ime t h a t  i s  r eq u i r e d  f o r  in s t rum en t  
d e s i g n . )
D1. Temperature C on t ro l .
The co n t ro l  of procedura l  pa ramete rs  was of primary importance  and 
th e  a c c u r a t e  measurement of t e m p era tu re s  proved t o  one of  th e  most 
d i f f i c u l t  t a s k s .
High te m pera tu re  measurements r e q u i r e  r a t h e r  e x t e n s i v e  c a l i b r a t i o n  
p ro c e d u re s .  Some have used the rm ocouples ,  but  t h e s e  a re  not commonly 
used above about 1500°C; pho todiodes  have a l s o  been used but t h e s e  a re  
b e t t e r  s u i t e d  f o r  mid t o  high t e m p era tu re  ranges ,  as  a re  o p t i c a l  
py rom ete rs ,  which have been used as w e l l :  both of th e s e  depend on
e m i t t ed  r a d i a t i o n .  Some commercial in s t ru m en ts  sense  th e  c u r r e n t  
f low ing  th rough a carbon fu rnace  f o r  i n s t a n c e ,  and a co r responding
v o l t a g e  s ig n a l  1s s e n t  t o  t h e  " t em pera tu re  m e te r " ,  having p r e v io u s l y  
been c a l i b r a t e d  t o  read  1n degrees  C or  F. However, t h e  l a t t e r  systems 
a r e  h igh ly  dependent  on th e  c o n d i t io n  o f  th e  ( g r a p h i t e )  f u r n a c e s .  As a 
r e s u l t ,  t h e  p r e p a r a t i o n  of  t e m p e ra tu re  working curves  have been 
e s s e n t i a l  and only accompli shed by th e  c a r e f u l  measurements of fu rnace  
t e m p e r a t u r e s .  These,  t h e n ,  need t o  be c o r r e l a t e d  t o  e i t h e r  e l e c t r i c a l  
c u r r e n t ,  I n f r a r e d  o r  v i s i b l e  r a d i a t i o n ,  vo l t a g e  or  t o  some o t h e r  
means. The approach which was chosen f o r  our s t u d i e s  was t h a t  of
p la c in g  a chromel-alumel thermocouple near  t h e  f u r n a c e ,  a t  t h e  p lace
where I t  got  th e  h o t t e s t .  C a l i b r a t i o n  in  t h i s  p o s i t i o n  was accomplished 
with  an o p t i c a l  pyrometer  f o r  t h e  h ig h e r  t e m p e r a t u r e s ,  and with  an o th e r  
thermocouple  p laced  In s id e  th e  v a p o r i z a t i o n  s e c t i o n  f o r  th e  lower 
t e m p e r a t u r e s .  This  system proved adequa te  f o r  t h e  p r e s e n t  s t u d i e s .
D2. C a r r i e r  gas flow r a t e .
Another p rocedura l  param ete r  which a l s o  needed e v a l u a t i n g  was th e  
f low of c a r r i e r  gas going th rough  th e  t u b e s .
The concept  of  s p e c i a t i o n  as a f u n c t i o n  o f  t e m p era tu re  r e s t s  on the  
a b i l i t y  t o  r e s o lv e  th e  s i g n a l s  produced by th e  evolved g a s e s .  The flow
r a t e  of  t h e  c a r r i e r  gas would then  be very Im p o r tan t .
D3. Hea ting  r a t e .
The r e s o l u t i o n  of  t h e  s i g n a l s  a l s o  depends c o n s id e r a b ly  on th e  
a p p l i e d  h e a t in g  r a t e ,  aga in  p a r a l l e l l i n g  fu rnace  t e m p e ra tu r e s  in  
programmed t e m p e ra tu re  gc.
D4. Sample I n t r o d u c t i o n .
The r e p r o d u c i b i l i t y  of  t h e  observed  s i g n a l s  depended on where th e  
sample was p laced  w i th in  th e  v a p o r i z a t i o n  s e c t i o n .  This was p a r t i c u l a r l y  
so because t h e  metal an a ly z in g  s e c t i o n  when hea ted  e x h i b i t e d  a r a t h e r
marked t e m p e ra tu re  g r a d i e n t  along I t s  l e n g t h .  This  was t h e  r e s u l t  of  
t h e  w a te r  cooled  connec t ing  b rass  e l e c t r o d e s  a t  each end .  Thus,  i t  was 
very Impor tan t  t h a t  t h e  sample be c o n s i s t e n t l y  p laced  1n t h e  p o r t i o n  of  
t h e  tube  which would ge t  t h e  h o t t e s t .
D5. D is tance  between a na lyz ing  s e c t i o n s .
Another q u i t e  Impor tan t  c o n s i d e r a t i o n  was t h e  d i s t a n c e  t h a t  e x i s t e d  
between th e  two an a ly z in g  s e c t i o n s .  As t h e  sample was g r a d u a l ly  hea ted  
t h e  evolved  gases were c a r r i e d  by t h e  argon c a r r i e r  gas toward th e  
a to m iz a t io n  s e c t i o n .  This  metal p ie c e  was s m a l l e r  1n d iam ete r  than  th e  
v a p o r i z a t i o n  p iece  and consequen t ly  t h e r e  would be a p a r t i a l  
accumula t ion  e f f e c t .  The d i s t a n c e  between th e  two s e c t i o n s  was 
t h e r e f o r e  Impor tan t  because i t  p rov ided  a p la c e  f o r  evolved  gases t o  
condense,  e s p e c i a l l y  i f - t h e  t e m p e ra tu re  t h e r e  was lower than t h a t  of  t h e  
g a s e s .  The s i z e  of  t h e  common carbon c e n t e r  e l e c t r o d e  c o n t o l l e d  t h i s  
t e m p e ra tu r e  t o  a l a r g e  e x t e n t  in p a r t ,  because i t s  ends were in c o n t a c t  
w i th  w a te r  cooled b r a s s  e l e c t r o d e s .  Thus,  high enough te m p e ra tu re s  
between t h e  a n a ly z in g  s e c t i o n  were nece ssa ry  so t h a t  t h e  gases would not 
condense.
I t  was a l s o  nece ssa ry  t o  c o r r e l a t e  t h e  thermal  de g ra d a t io n  r e s u l t s  
o b ta in e d  f o r  each compound with  th o s e  from p l a u s i b l e  decomposi t ion  
mechanisms: in  some cases  more th a n  one peak was observed f o r  each
compound, p a r t i c u l a r l y  with  h a l i d e s .
As f a r  as  Ins t rum en t  m o d i f i c a t i o n s  were conce rned ,  s e v e ra l  were 
In t ro d u ce d  1n an a t tem p t  t o  p r i m a r i l y  a l l e v i a t e  t h e  t a s k  of  assembl ing  
t h e  system; o t h e r  Improvements were a l s o  brought  a b o u t .  Thus, f u r t h e r  
e v a l u a t i o n  of  a two s t a g e  e l e c t r o t h e r m a l  a tom ize r  f o r  metal s p e c i a t i o n  
was accompl ished by look ing  a t  s e v e ra l  samples .
2. EXPERIMENTAL: CHEMICALS, EQUIPMENT AND PROCEDURES
2A. CHEMICALS.
Genera l ly  i n o rg a n ic  s a l t s  used were commercial regen t  r eagen t  grade 
with a few excep t ions  l i s t e d  below. (S upp l ie r s  in c luded  Mall 1 n e k ro d t ,  
Baker,  Merck, Matheson Coleman and B e l l ,  A l l i e d  Chemical ,  F i s ch e r  
S c i e n t i f i c ,  Ci ty  Chemical .)
Lead Oxide: or  red lead  was p repared  by slowly r o a s t i n g  lead
monoxide below 500°C;
Lead Chromate: was p repared  from a s o l u t i o n  of  lead  n i t r a t e  in
which sodium chromate was added;
Lead molybdate : was p r e c i p i t a t e d  from a n i t r a t e  s o l u t i o n  and sodium 
molybdate .  All s o l u t i o n s  were kept  in p o ly e th y le n e  f l i p  top  v i a l s .
Hydroch lo r ic  ac id  and f u r f u r y l  a l c o h o l ,  which were used fo r  
po lym er iza t ion  of  ca rbon,  a re  a l s o  commercial ly a v a i l a b l e .
2B. EQUIPMENT
Because of t h e  n a tu re  of  t h e  exper imen tal  system t h a t  was used ,  th e  
appara tu s  i t s e l f  and i t s  o p e ra t i o n  a r e  d e s c r ib e d  in two d i f f e r e n t  
s e c t i o n s :  Equipment and P rocedu res ,  r e s p e c t i v e l y .  A p a r a l l e l  sub
c l a s s i f i c a t i o n  w i th in  th e s e  two s e c t i o n s  was a t tempted  because th e  f i r s t  
d e s c r ib e s  t h e  system very b r i e f l y ,  whereas t h e  second e x p l a in s  in 
g r e a t e r  d e t a i l  t h e  p rocedures  used t o  o p e ra t e  t h e  i n s t r u m e n t a t i o n ,  as 
well as th e  c o n s t r u c t io n  and m o d i f i c a t i o n s  of  t h e  var ious  components.
2B, 1. Perkin Elmer 403-HGA 2000.
(a)  Hollow Cathode Lamp: t h e  In s t rum en t  b racke t  which holds
t h e  hollow ca thode  lamp (HCL) was modi fied  t o  accomodate a demountable
HCL. These l i g h t  sources  have been used 1n th e s e  l a b o r a t o r i e s  f o r  q u i t e  
some t ime and t h e i r  o p e r a t i o n ,  as  well  as th e  c o n s t r u c t i o n  o f  t h e  lamps, 
have been d e t a i l e d  befo re  ^  (F igure  1 ) .  However, because 1t 1s 
s m a l l e r  In d iam ete r  than  a commercial s e a l e d  hollow c a th o d e ,  s p ace r s  
were p laced  and a d j u s t e d  on t h e  lamp b rack e t  so t h a t  a maximum amount of 
l i g h t  reached th e  d e t e c t o r .  In a d d i t i o n ,  two h a l f  Inch ho le s  were 
punched th rough  th e  top  of  t h e  b r ack e t  f o r  a c c e s s a b i l i t y  of  th e  lamp 's  
e l e c t r o d e  co n n e c t io n ,  from which e l e c t r i c a l  l e ads  plugged In to  t h e  
r e c e p t a c l e  on th e  b r a c k e t .
(b)  Deuterium Lamp and Power S upp ly : t h e  i n s t r u m e n t ' s  
deu ter ium lamp was r ep laced  with  a Beckman D2 lamp, No. 6280 which was 
inc om pa t ib le  w ith  t h e  PE D2 Arc Power Supply.  T h e re fo re  a Beckman H2 
lamp Power Supply ,  model B com pat ib le  with  t h e  lamp was used .
(c)  Perk in  Elmer Dg Power Supp ly : a couple  of  m o d i f i c a t io n s  
t o  t h e  PE D2 Arc Power Supply were necessa ry  in o rd e r  t o  a c t u a t e  t h e  
r e f e r e n c e  beam s h u t t e r  on t h e  PE-403,  and t h e  n e u t ra l  d e n s i t y  f i l t e r  
wheel which a d j u s t s  th e  i n t e n s i t y  of  t h e  deuteriumm lamp reach ing  th e  
d e t e c t o r .  A high w attage  r e s i s t o r  was s u b s t i t u t e d  f o r  t h e  D2 lamp and 
t h e  b a l l a s t  lamps on th e  power supply were removed and r e p la ced  with  a 
s i n g l e  7 1/2  w a t t  bu lb .  Otherwise t h e  beam a t t e n a t o r  s o le n o id  would 
bum up.
(d) Kymograph: t h e  normal h e a t in g  program provided  by t h i s
u n i t  was not  used because a s lower  h e a t in g  r a t e  was n e c e s s a r y .
A t e m p era tu re  ramp accesso ry  f o r  an HGA-2000 u n i t  1s a v a i l a b l e  from 
Perk in  Elmer but  was e x p e n s iv e ,  t h e r e f o r e  a l e s s  s o p h i s t i c a t e d  approach 
was used .  The s h a f t  of  t h e  kymograph ( P h i l l i p s  and B i rd ,  I n c . ,  having 
f i v e  s p e e d s ) ,  was connected d i r e c t l y  t o  t h e  s h a f t  o f  t h e  a tomiz ing
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Figure I
t e m p era tu re  c o n t ro l  on t h e  HGA u n i t  by a s h o r t  p i e c e  o f ,  t h i c k  w a l l e d ,  
tygon t u b i n g .  Because of  t h e  c lockwise  r o t a t i o n  of  t h e  kymograph s h a f t ,  
and a l s o  because t h i s  u n i t  was going t o  f a c e  t h e  HGA, t h e  e l e c t r i c a l  
le ads  t o  t h e  t e m p e ra tu re  c o n t ro l  p o t e n t io m e te r  were rev e r sed  so t h a t  t h e  
t e m p e ra tu re  of t h e  fu rn a c e  could be g r a d u a l ly  in c re a s e d  with  th e  
kymograph, a t  any of  I t s  f i v e  speeds .
(e)  Temperature S w i tch : an o n -o f f  swi tch  was added 1n p a r a l l e l  
with  the  atomizing t e m p e ra tu re  c o n t ro l  b u t t o n .  Heat ing th e  fu rnace  was 
done with i t  in  t h e  on p o s i t i o n .
( f )  Temperature S ig n a l :  t h e  HGA te m p e ra tu re  meter  was 
c a l i b r a t e d  by th e  m anufac tu re r  as  a f u n c t i o n  of  t h e  c u r r e n t  t h a t  pas ses  
th rough  the  g r a p h i t e  f u rn ace  t o  read t e m p e ra tu re  d i r e c t l y .  The 
te m pera tu re  s enso r  of  th e  fu rn ace  produces a vo l t a g e  p r o p o r t i o n a l  t o  
t h i s  c u r r e n t  and i s  d i s p la y e d  as t e m p e r a t u r e .  A c i r c u i t  was b u i l t  so 
t h a t  t h i s  same v o l t age  could be s u p p l i e d  t o  th e  r e c o r d e r  in  o rde r  t o  
moni to r  t h e  t e m p era tu re  of  t h e  fu r n a c e ,  c o n t in u o u s ly ,  w i thou t  e f f e c t i n g  
t h e  read ing  on th e  HGA meter .
(g)  Furnace Window Housing: t h e  fu rn a c e  assembly d id  not  
in c lu d e  end windows, t h e r e f o r e ,  t o  keep a i r  away from th e  carbon tube  a 
high purge gas f low r a t e  was r e q u i r e d .  L a t e r  models have come equipped 
with a d a p t a t o r s  t o  them which remove t h i s  d e f i c i e n c y .  The window 
housings produced by t h e  Chemistry and Physics  Machine Shop were 
des igned  in th e  p a s t  by p rev ious  workers 1n th e  group and made of  
t e f l o n .  These were a t t a c h e d  t o  t h e  f u r n a c e ' s  high c u r r e n t  c o n ta c t  
p l a t e s .  At th e  ends of  each ,  t h e  q u a r t z  windows were secured  with  
t h r e a d e d  r i n g s ,  and th e  f i t t i n g s  f o r  t h e  gas i n l e t  were about  an inch 
from the  ends .  As a r e s u l t  a much lower purge gas f low was needed.
(h)  Purge Gas Flow: high f low r a t e s  of  n i t r o g e n  can s u i t a b l y
be a d j u s t e d  with  t h e  f lowmeter  b u i l t  i n t o  t h e  HGA. However, because of  
t h e  window housing  a d d i t i o n s  lower n i t r o g e n  f low r a t e s  needed t o  be 
p ro p e r ly  measured.  A Matheson #601 f lowmeter  was in t ro d u ced  between th e  
HGA u n i t  and t h e  fu rnace  f o r  t h i s  purpose .
(1)  Recorder :  a Texas Ins trument dual o v e r la p p in g  pen
s e r v o / r i t e r  II r e c o r d e r  having a span of  1 mv was used.
(1) Recording the  a b s o r p t i o n  s i g n a l :  th e  r e c o r d e r  was f i t t e d  
with  a t e n  t u r n ,  20 K ohm p o te n t io m e te r  t o  r e c e iv e  t h e  s ig n a l  from the  
403 atomic  a b s o r p t i o n  u n i t .
(2) Recording th e  fu rn ace  t e m p e ra t u r e :  t h e  s igna l  provided  by 
th e  added c i r c u i t  t o  t h e  HGA was connected t o  a t e n  t u r n ,  200 ohm 
p o t e n t i o m e t e r ,  having a 33K ohm r e s i s t a n c e  In s e r i e s .
Syr inges  f o r  sample i n t r o d u c t i o n :  l i q u i d  samples were In t roduced
i n t o  the  fu rnace  e i t h e r  with  a 1-5 m i c r o l i t e r  a d j u s t a b l e  F i n n p l p e t t e  o r  
with  a 10 m i c r o l i t e r  Hamilton s y r i n g e .  (A small l e n g th  of  t e f l o n  tu b ing  
f i t t e d  onto th e  two inch need le  of  t h i s  s y r in g e  d id  not  prove t o  be any 
more advantageous  than  i n j e c t i n g  samples w i thou t  i t ,  as  f a r  as 
con tam ina t ion  i s  conce rned ) .
S o l id  sam ples ,  I . e . ,  s e c t i o n s  of  g la s s  f i b e r  f i l t e r s ,  were p laced  
I n s i d e  of  a d i s p o s a b le  p i p e t  which was in t ro d u c e d  in  th e  v a p o r i s a t i o n  
t u b e .  The d i s p o s a b l e  p ip e t  had a nichrome w ire  of  th e  a p p r o p r i a t e  s i z e  
as a p lu n g e r .
2B, 2.  TWO-STAGE ATOMIZER UNIT.
The e s s e n t i a l  components of  t h i s  a tom ize r  system a re  s c h e m a t i c a l l y
shown in  f i g u r e  2. The diagram does not  in c lu d e  any of  t h e  a s s o c i a t e d  
equipment r e q u i r e d  f o r  AAS s in c e  th e s e  w i l l  be d e t a i l e d  i n d i v i d u a l l y .
top
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Diagram of t h e  Two-Stage Atomizer
(a) Optica l  Beam and Signal  P rocess ing  System.
(1) Hollow ca thode  lamp: See f i g u r e  1, a l s o  r e f e r e n c e  102.
(2) HCL power supp ly ;  Tecktron AA-3 spec t ropho tom e te r  hollow 
ca thode  power supp ly ,  type  MCS-1, 450 v max. ,  3-50 ma dc.
(3) Deuterium lamp and power supp ly :  Beckman lamp No. 6280, 
and Beckmann H2 lamp power supp ly ,  model B.
(4) Light  source  modula t ion:  A .002 hp motor (1800 rpm) was
used as a chopper .  The b lades  a c t i v a t e d  a reed swi th which was mounted
on a a d j u s t i n g  wheel made in  our  l a b o r a t o r i e s .  The reed  sw i tch  s ig n a l  
was s en t  t o  t h e  a m p l i f i e r  and was t h e  r e f e r e n c e  s ig n a l  f o r  t h e  phase 
s e n s i t i v e  d e t e c t o r .  The wheel could  be r o t a t e d  360° about  I t s  a x i s  and 
was used t o  maximize t h e  s ig n a l  of  t h e  a m p l i f i e r  once t h e  sou rce  and 
chopper were s e t  1n p o s i t i o n .  (Signal  phase a d j u s t i n g . )
(5) Monochromator and d e t e c t o r :  a J a r r e l l - A s h  0 .5  m (model
82-000) Eber t  monochromator was used .  I t  had a 1180 l ines/mm g r a t i n g
and exchangeable  f ix e d  s l i t s  ( e n t r a n c e  100 umand e x i t  25 urn). The 
r e s o l u t i o n  with  t h e  given e x i t  s l i t  wid th  was 0 .4  mm 1n f i r s t  o r d e r .
The d e t e c t o r  was a Hamamatsu p h o t o m u l t i p l i e r  tu b e  (PMT), No. R106. 
Voltage su p p l i e d  t o  th e  PMT came from an H ew le t t -Packard ,  model 6515, 0-  
1600 V, 0-5 ma d . c .  power s u p p ly .  Between th e s e  two was a j u n c t i o n ,  o r  
a d a p to r  box having a 1 Mohm, p r o t e c t i v e  r e s i s t a n c e  on t h e  BNC 
co n n e c t io n .  (The MHV in p u t  of th e  power supply went t o  t h e  o c t a l  
c o n n ec to r ,  t o  t h e  PMT, and back th rough th e  oc t a l  c o n n ec to r ,  and then
th rough  th e  1 Mohm r e s i s t o r  and BNC c o n n e c to r ;  t h e  a m p l i f i e r  was
connected  t o  th e  BNC e n d . )  In t h i s  system, however,  th e  j u n c t i o n  box 
was not r e a l l y  nece ssa ry  s in c e  t h e  a m p l i f i e r  used was des igned  t o  
r e c e iv e  t h e  PMT anodic  c u r r e n t  d i r e c t l y .
(6) A m p l i f i e r :  a GCA-McPherson/Heath Photometr ic  readou t
a m p l i f i e r ,  model EU 703-31 was used .  I t  has been modif ied  t o  o p e ra t e  1n 
a phase locked mode with  an e x t e r n a l  chopper (60 Hz). The 1 v o l t  ou tpu t  
t o  th e  r e c o rd e r  was used .
(7)  Recorder :  Beckman 10 Inch l a b  p o t e n t i o m e t r l c  s t r i p  c h a r t
r e c o r d e r .  P a r t  of t h e  s ig n a l  from th e  a m p l i f i e r  was fed  I n t o  t h e  
r e c o r d e r ,  s i n c e  1t  was o p e ra t e d  a t  t h e  100 mv l i n e a r  span.
(8)  Timer: S tandard  E l e c t r i c  Time Co. ,  t y p e  S-60,  one rpm
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t i m e r .  This t i m e r  was used t o  g ra d u a l ly  hea t  t h e  a tom ize r  a t  r e g u l a r  
t ime I n t e r v a l s .
(b)  Atomizer and Components
(1)  Molybdenum p i e c e s :  t h e  a tom ize r  an a ly z in g  s e c t i o n s  which
were hea ted  t o  high te m p e ra tu re s  were made out  of  t h i s  m e ta l .  All Mo
p ie c e s  were machined by t h e  Chemistry and Physics Machine Shop, out  of a
1/4" d iam ete r  rod.
(a )  V apor iza t ion  S e c t io n :  a l l  s e c t i o n s  used were e s s e n t i a l l y
a tu b e  of  ca .  1 3/8"  in l e n g th  having a wall  t h i c k n e s s  of  ca .  0 .023" .  
F igure  3 shows th e  two b a s ic  des igns  and dimens ions which were used in 
t h e s e  s t u d i e s .
1 3 y 6 4  Id.
( a )
o.i
5 / 3 2  id.
( b )
0 .2 "! 
"►i i'
Figure 3
Molybdenum V apor iza t ion  S ec t io n s  
(a)  i n i t i a l  d e s ig n ;  (b)  l a t t e r  d e s ig n .
(b)  Atomizat ion s e c t i o n :  t h e  e v o l u t io n  of  th e  d i f f e r e n t
des igns  and dimensions f o r  t h i s  molybdenum s e c t i o n  a r e  d e p ic te d  in  
f i g u r e  4.  The f i r s t  two were not used in t h i s  s tu d y ,  but  only in  
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Figure 4
Evolu t ion  o f  the  Molybdenum Atomization  S e c t io n ,  (a)  i s  
e s s e n t i a l l y  a tu b e ;  (b)  i n c o r p o r a t e s  a c o n s t r i c t i o n  a t  the  
e n t r a n c e  thus  improving s e n s i t i v i t i e s ;  (c )  ex tends  t h i s  
c o n s t r i c t i o n ,  becoming the  a t o m iz a t io n  channe l ;  (d) i n c o r ­
p o r a t e s  a cup a t  t h e  a t o m iz a t io n  channel  end in  o rd e r  to  
d e c r e a s e  i t s  f r a g i l i t y ;  ( e )  i n c o r p o r a t e s  a t a p e r  on the  cup 
to  i n c r e a s e  the  c o n t a c t  a r e a ;  ( f )  t h e  o p t i c a l  pa th  i s  brought  
n e a r e r  th e  a t o m iz a t io n  channel  to  s im p l i f y  machining-
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The o p t i c a l  path  was t h e  ho le  d r i l l e d  a c ro s s  t h e  rod and ranged 1n 
d ia m e te r  from 11/64 t o  3 /1 6 " ,  which produced th e  approx im ate  
c o r re spond ing  volumes o f  0.056 ot  0.067 cub ic  in ches  (0.095 t o  0.11 cc ,  
r e s p e c t i v e l y ) .
The wall  t h i c k n e s s e s  th roughou t  t h e s e  p ie ce s  were kept  c lo s e  t o
0 .023"  so t h a t  h e a t in g  could  be as un iform as  p o s s i b l e .
The a to m iz a t io n  ch an n e l ,  t h e  nar row es t  p o r t i o n  of  th e  p i e c e ,  had an
1 . d .  of  5/64" and an a p p r o p r i a t e  o . d .  (ca .  0 .120")  t o  accomodate t h e  
approxim ate wall  t h i c k n e s s  mentioned above.
The end-por t1on  of th e  metal p ie c e  (on th e  o p p o s i t e  end from th e  
o p t i c a l  p a t h ) ,  a t  f i r s t  was t h e  same s i z e  as t h e  a t o m iz a t io n  channel  
( f i g u r e  4 c ) .  The connec t ion  t o  th e  carbon c e n t e r  e l e c t r o d e  with  t h i s  
de s ign  was d e l i c a t e ,  e s p e c i a l l y  a f t e r  a few h e a t in g  c y c l e s .  Changing 
th e  end p o r t i o n  t o  a 1/4"  cup added s u f f i c i e n t  r i g i d i t y  fo r  a b e t t e r  
molybdenum-carbon e l e c t r o d e  co n n e c t io n .  The le ng th  of  t h i s  en d -p o r t i o n  
v a r i e d  from 0 .2  t o  0 .1 5 " ,  and was 1/4" o . d .  ( f i g u r e  4d) .
(2)  Carbon p i e c e s :  t h e  molybdenum p ie c e s  were no t  connec ted
d i r e c t l y  t o  t h e  o u t s id e  b ras s  e l e c t r o d e s  but  r a t h e r  t o  carbon p i e c e s  
which served  as s u p p o r t s .  The f i r s t  des ign  of  t h i s  double s tag e  
a t o m ize r  used carbon s e c t i o n s  r a t h e r  than  molybdenum and p rev ious  
e x p e r i e n c e  with  a tom ize r  des igns  d i c t a t e d  t h e  n e c e s s i t y  of having carbon 
s u p p o r t s .  All of t h e  carbon p ie c e s  were machined from U l t r a  Carbon Corp 
rods  by t h e  a u t h o r .
( a )  Cen ter  E l e c to d e :  each molybdenum p ie c e  was connec ted  t o  a
common c e n t e r  e l e c t r o d e  made of  ca rbon ,  which in  t u r n  was connec ted  a t  
each end t o  s e p a r a t e l y  w a te r - c o o le d  b r a s s  e l e c t r o d e s .  F igure  5 shows 
t h e  d i f f e r e n t  c o n f i g u r a t i o n s  of  t h i s  c e n t e r  carbon e l e c t r o d e  which were
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Figure 5
D if f e r e n c e s  in  th e  Various Center  Carbon E lec t rodes .
t r i e d .  The f i r s t  v a r i a t i o n  was used with  t h e  f i r s t  des ign of  t h e  
molybdenum a tomize r  s e c t i o n  (having  th e  long and narrow a to m iz a t io n  
ch a n n e l ,  as shown in  f i g u r e  4 c ) .  Another t h r e e  were used with  t h e  next  
a t o m iz a t io n  s e c t i o n  des ign  (shown in f i g u r e  4d) .  F i n a l l y ,  t h e  l a s t  
diagram 1n f i g u r e  5 shows a s l i g h t l y  expanded diagram o f  t h e  carbon 
c e n t e r  e l e c t r o d e  t h t  was used t o  accomodate th e  t a p e r e d  ends of  t h e  l a s t  
two metal  p ie ce s  (shown in  f i g u r e  4 e , f )  The c e n t e r  ho le  of  t h i s  l a s t  
carbon p ie c e  was d r i l l e d  t o  a p p r o p r i a t e  dep ths  us ing  a d r i l l  b i t  which 
had a t h e  t i p  which matched th e  t a p e r  on th e  molybdenum p i e c e s .
The t a p e r e d  ends of  t h e  l a s t  two carbon p ie ces  of  f i g u r e  5 were 
d i f f e r e n t  due t o  changes in t ro d u c e d  t o  t h e  b ra s s  e l e c t r o d e s  ( d e t a i l e d  
l a t e r ) ;  t h e s e  d i f f e r e n c e s  a re  not d e p i c t e d  in  th e  diagram however.
(b)  F ron t  and Back Carbon Suppor ts :  a l l  carbon used f o r  t h i s
purpose was machined from one inch rods and were,  on t h e  av e ra g e ,  about 
one inch long .  F igure  6 shows th e  s e v e ra l  f e a t u r e s  of t h e s e  carbon
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Figure 6
Diagram of t h e  Carbon Suppor ts  Used in  th e  F i r s t  and Second Atomizer.  
Tapers  gave b e t t e r  e l e c t r i c a l  c o n t a c t .
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s u p p o r t s ,  In c lu d in g  t h e  s i m i l a r i t i e s ,  and small d i f f e r e n c e s ,  between t h e  
f r o n t  and back p i e c e s ;  a l s o ,  t h e  geometry d i f f e r e n c e s  brought about  by 
t h e  des ign  change of  t h e  b ra s s  e l e c t r o d e s  going from t h e  f i r s t  t o  t h e  
second a to m iz e r .
The f r o n t  and back carbon s u p p o r t s  were e s s e n t i a l l y  t h e  same, 
p a r t i c u l a r l y  a t  t h e  very beg inn ing ,  us ing  th e  f i r s t  g e n e r a t i o n  of  th e  
a to m iz e r .  The argon f lowing  th rough  t h e  molybdenum p ie c e s  was exhaus ted  
th rough  th e  c e n t e r  of  t h e  back carbon suppor t  and b ras s  e l e c t r o d e .  
Subsequen t ly ,  i t  was dec ided  t o  funnel  t h i s  flow th rough  t h e  exhaus t
p o r t  of  th e  a to m ize r  body. T h e re fo re ,  hen ce fo r th  1t was not n e c e ss a ry
t o  d r i l l  t h e  carbon p ie ce  a l l  t h e  way th ro u g h ,  as  t h e  f r o n t  one was, but 
only deep enough f o r  t h e  metal p ie ce  co n n e c t io n .
For a p e r io d  of  t ime copper was e l e c t r o - d e p o s i t e d  on t h e  s u r f a c e  of
a l l  t h e  carbon p i e c e s  which were in c o n t a c t  with  th e  b ras s  e l e c t r o d e s .  
The purpose of  t h i s  was t o  d ec re ase  t h e  v o l t age  drop occu r ing  a t  th e s e  
I n t e r f a c e s  by in c r e a s i n g  th e  c o n d u c t i v i t y  of th e  carbon a t  t h e i r  
s u r f a c e s .
(3)  E l e c t r i c a l  system: t h e  two molybdenum a n a ly se s  s e c t i o n s
were hea ted  s e p a r a t e l y  with  two s e p a r a t e  systems (120 V, 45 A l i n e s ) .  A 
diagram i s  shown in  f i g u r e  7.
(a)  Atomizat ion S e c t io n :  t h e  power was r e g u l a t e d  with  a 
v a r i a c  (115 V, 18 A), and an ammeter was p laced  be fo re  t h e  stepdown 
t r a n s f o r m e r  (Signal  Transformer  6 . ,  9 V, 500 A). The two i s o l a t e d  
primary windings  of  t h e  t r a n s f o r m e r  were connec ted  in  s e r i e s  a t  110 V.
(b) V a p o r iza t io n  S e c t io n :  two 20 A ganged v a r i a c s ,  connec ted
in p a r a l l e l ,  p rovided  t h e  power r e g u l a t i o n .  An ammeter measured t h e  
l i n e  c u r r e n t  being drawn. Two 12 V, 500 A stepdown t r a n s f o r m e r s  in
45 A, 115 V
120 V










E l e c t r i c a l  Diagram f o r  t h e  Two-Stage Atomizer .  The v a r i a b l e  au to  
t r a n s fo rm e r s  were used t o  g r a d u a l l y  h e a t  th e  v a p o r i z a t i o n  s e c t i o n .  
The v a r i a c  shown a t  th e  bottom o f  t h e  f i g u r e ,  was used t o  co n t ro l  
th e  h e a t  provided  t o  th e  a t o m iz a t io n  s e c t i o n .
s e r i e s  were used .  The two I s o l a t e d  primary windings of  each were 
connected  1n p a r a l l e l .
Welding c a b l e s  were used from a l l  secondary windings t o  th e  
a tom ize r  e l e c t r o d e s .
(4)  Gases :
Helium: hel ium was t h e  f i l l e r  gas in th e  hal low ca thode .  I t
was r e g u l a t e d  with a need le  va lve  and measured with a vacuum gauge (see 
f i g u r e  8 ) .  I t  was oxygen scrubbed by us ing  hea ted  copper t u r n i n g s .
Argon: argon was t h e  i n e r t  gas used in th e  a tom ize r  and f i g u r e  8
show a diagram of t h e  system.  The flow of argon th rough  th e  molybdenum 
a n a ly z in g  tube s  was c o n t r o l l e d  with  a Matheson 600 flow me te r .
The argon f lowing d i r e c t l y  i n t o  t h e  body of  th e  a tom ize r  sewed t o  
purge any a i r  p r e s e n t ,  as well as  t o  keep the  system in  an i n e r t  
a tmosphere .  This flow was a d j u s t e d  with  a J .  T. Baker 568274 flow 
me te r .
All t h e  argon was d r i e d ,  c leaned  and oxygen scrubbed by using 
s i l i c a  g e l ,  a c t i v a t e d  charcoa l  and hea ted  copper t u r n i n g s ,  r e s p e c t i v e l y .
Methane: t h i s  gas could  be mixed i n t o  e i t h e r  or both s treams of
a rgon .  The argon f lowing i n t o  t h e  body of  th e  a tomizer  was mixed with  
up t o  1.5% methane (u s u a l ly  only about 5-10 c c /m in ) ,  t o  scavenge any 
e x i s t i n g  oxygen.  Methane was a l s o  d r i e d  and c leaned  l i k e  th e  argon and 
t h e  f low r a t e  r e g u la te d  with  a Matheson 610 ro to m e te r .
(5)  Vacuum: in  t h e  f i r s t  s t a g e s  of  t h e  work a diaphragm pump 
(Dyna-Vac Pump model 4 K, by t h e  Cole-Palmer Ins trument Co.)  was used to  
draw argon through th e  a n a ly z in g  s e c t i o n s  and from t h a t  provided  t o  t h e  
a tom ize r  body. Presumably,  a l l  t h e  argon and methane going i n t o  th e
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F i g u r e  8
Diagram o f  th e  Gas System f o r  the  Two-Stage Atomizer .  Argon was 
used to  p rov ide  an i n e r t  atmosphere.  I t  was d r i e d  with  s i l i c a l  
g e l .  Trace components were removed w i th  a c t i v a t e d  charcoa l  and 
oxygen was removed w i th  ho t  copper  t u r n i n g s .  S e p a ra t e  s treams 
e n t e r e d  th e  a t o m iz e r .  Cleaned methane was on ly  mixed with  the  
argon going i n t o  t h e  a t o m ize r  body.
a tom ize r  was exhausted  th rough  th e  back b ras s  e l e c t r o d e .  The t o t a l  flow 
r a t e  was r e g u la t e d  us ing  a Matheson 602 flow mete r .
The vacuum system, a l s o  shown d ia g ra m m a t lca l ly  1n f i g u r e  8,
Inc luded  a c o t to n  wool f i l t e r  between t h e  a tom ize r  and th e  f low m ete r .  
There was a l s o  a c o n t a i n e r  between t h e  f low meter  and t h e  pump which 
reduced s u c t i o n  su rges  from t h e  pump.
(6) Syr inges  f o r  Sample I n t r o d u c t i o n :  t h e  depth i n t o  th e
v a p o r i z a t i o n  tube  where th e  samples were p laced  re q u i re d  t h e  use of  a 4" 
long n e e d l e .  Two 10 s y r in g e s  with  4" removable need les  were 
o b ta in e d :  t h e  Hamilton 701-RN s y r in g e  with  a 26-S GA-B need le  gauge and
t i p ;  and th e  P r e c i s i o n  Sampling C-160222 s y r in g e  with  th e  123050, 26 
gauge n e e d le s .
For t h e  s o l i d  f i l t e r  samples a p ie c e  of  g l a s s  t u b in g  was used which 
was long enough and had a d iam ete r  small  enough to  f i t  i n t o  th e
v a p o r i z a t i o n  t u b e .  The sample of f i l t e r  paper  was " i n j e c t e d 11 with  the
use of  a n ickrone  wire  as a p lu n g e r .
(7) Temperature measurement:
(a)  Thermocouple: t h r e e  thermocouples  were used .  The f i r s t ,
was an i r o n - c o n s t a n t a n  (with a gauge by A lnor ,  I l l i n o i s  T e s t in g  
L a b o r a t o r i e s ,  I n c . )  I t  se rved  t o  ge t  an i n d i c a t i o n  of th e  t e m pera tu re  
of  th e  carbon c e n t e r  e l e c t r o d e .  This was achieved  by simply d r i l l i n g  a 
ho le  in t h e  ca rbon ,  ( a t  t h e  same h e ig h t  as t h e  molybdenum p i e c e s )  deep
enough t o  p la ce  t h e  thermocouple j u n c t i o n  i n t o  t h e  ca rbon .  This
measurement gave a good i n d i c a t i o n  of  t h e  t e m p e ra tu re  in  t h e  space 
between both molybdenum p i e c e s .
The o t h e r  two chromel-alumel thermocouple with  wires  0.032" diam 
each (AWG #20) .  One was used t o  moni to r  th e  v a p o r i z a t i o n  s e c t i o n
t e m p e ra tu r e  (body-TC).  I t  was c a l i b r a t e d  f o r  t e m p era tu re s  below 1100°C 
with  measurements ob ta ined  from a n o th e r  one p laced  w i th in  th e  tu b e  
I t s e l f .
The gauges used with  t h e s e  two thermocouples were made by Edmund 
S c i e n t i f i c  Co. ,  or  Blue M e l e c t r i c  Co. f o r  th e  f i r s t ,  and Thermo e l e c .  
Mfg. Co, with  t h e  second.
(b)  Optica l  pyrometer :  Leeds and Northup model 9632-C, 775- 
2800°C. I t  was a l s o  used t o  measure ,  and c a l i b r a t e ,  th e  v a p o r i z a t i o n  
thermocouple  (or  body-TC) a t  t h e  h ig h e r  t e m p e r a t u r e s .
(c)  F i r s t  Atomizer Housing D es ign .
This f i r s t  design was produced by a p rev ious  worker and has been 
ex p la in ed  in d e t a i l 101*102 (having an I n t e r i o r  volume of ca .  450 c c ) .  
F igu re  9 shows a c ro s s  s e c t i o n  diagram of t h e  components.  There were a 
few m o d i f i c a t i o n s  and a d d i t i o n s  t o  t h e  system which a re  summarized in  
f i g u r e  10, and they  in c lu d e :
(1)  Tapered e l e c t r o d e s : t h e  ends of  t h e  top  and bottom b ras s  
e l e c t r o d e s  which connec ted t o  t h e  carbon c e n t e r  e l e c t r o d e ,  were somewhat 
d e t e r i o r a t e d  and t h e r e f o r e  modif ied  from about  a 10 t o  a 45 degree 
t a p e r ,  and 3/36" deep.  (F igure  10a)
(2) Top and bottom e l e c t r o d e  h o l d e r s : t h e  spac ing  of  t h e  0-  
r in g  grooves on each of  th e  top  and bottom e l e c t r o d e s  did not a l low  
both Viton 0 - r i n g s  t o  be c o n ta in ed  w i th in  th e  b a k e l i t e  I n s u l a t o r s .  When 
t h e  e l e c t r o d e s  were In p l a c e ,  one 0 - r i n g  was w i th in  t h e  i n s u l a t o r  and 
t h e  o t h e r  was e i t h e r  s t i l l  on t h e  o u t s i d e  of  th e  a tom ize r  or  beyond th e  
b a k e l i t e ,  on t h e  i n s i d e  of  t h e  a to m iz e r .  This  was due t o  t h e  f a c t  t h a t  
t h e  b a k e l i t e  p ie ces  had d e t e r i o r a t e d  t o  a c o n s id e r a b l e  e x t e n t  by t h e  
h ea t  produced w i th in  t h e  a to m iz e r ,  but  t h i s  c onc lus ion  was not  reached
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Exploded diagram o f  the  components of  the  F i r s t  Two-Stage Atomizer. 
A: f r o n t  and back b r a s s  e l e c t r o d e s .  B: Top and bottom b rass
e l e c t r o d e s .  C: atomizer  housing inc lud ing  the  o p t i c a l  l i g h t p a t h .
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thermocouple t r a n s i t e  shield
C ) transite  b a s e
Fi g u r e  10
M o d i f i c a t i o n s  to  t h e  f i r s t  s t a g e  a t o m ize r  (a)  R eco n s t ru c t io n  o f  
t h e  top  and bottom b r a s s  e l e c t r o d e s  no te  change o f  connec t ion  
t a p e r  (b)  h o ld e r  used f o r  top  and bottom b r a s s  e l e c t r o d e  (c)  
Body- thermocouple,  h o ld e r  and s h i e l d .
u n t i l  much l a t e r  1n t h e  s t u d i e s .  As a r e s u l t  t h e  e l e c t r o d e s  did  not  f i t  
t i g h t l y  a g a i n s t  th e  carbon c e n t e r  e l e c t r o d e ,  nor d id  they  keep a i r  
o u t .  T h e re fo re ,  a compressing system t o  m a in ta in  good e l e c t r i c a l  
c o n t a c t  between th e  b rass  and carbon was d e v i s e d .
F igure  10 b d e p i c t s  t h e  a r rangem ent.  Commercial packaging metal 
r ibbon was used t o  make a b racke t  which f i t  over  th e  e l e c t r o d e  and 
extended on each s i d e .  Through t h e  top  of  t h e  r ib b o n ,  and c e n t e r e d  on 
t h e  top  of th e  e l e c t r o d e ,  a ho le  was punched th rough ,  which was l a rg e  
enough f o r  a 10.32 screw t o  f i t .  On t h e  unde r s ide  of  t h e  r ibbon a 
co r respond ing  nut was a f f i x e d  to  the  screw. The t i p  of  th e  screw was 
rounded o f f  and made t o  f i t  a smooth,  shal low and c e n te r e d  d e p re s s io n  on
to p  of a metal d i s c .  This d i s c  was I n s u l a t e d  on i t s  o th e r  s id e  and
p laced  on top  of  th e  e l e c t r o d e .  The ends of t h e  metal  r ibbon  went under 
hose clamps which were t i g h t e n e d  around the  body of th e  a to m iz e r ,  so as 
t o  anchor  them. As t h e  screw was tu rn e d  whi le  t h e  nut  was he ld  in
p o s i t i o n ,  the  e l e c t r o d e  could  be p re s sed  i n t o  th e  a tom ize r  p rov id ing  a
good e l e c t r i c a l  c o n t a c t  with  th e  carbon ,  and m a in ta in in g  i t .
As t e n s i o n  was p laced  on th e  compressing system 1t was n o t i c e d  t h a t  
t h e  e l e c t r o d e s  t i l t e d .  To c o r r e c t  t h i s  problem a t e f l o n  s l e e v e  was f i t  
t i g h t l y  over t h e  p o r t i o n  of  t h e  top  b ras s  e l e c t r o d e  which s l i d  th rough  
t h e  b a k e l i t e .  This  add i ton  al lowed t h e  e l e c t r o d e  t o  s l i d e  in  and out  
w i thou t  any l a t e r a l  t i l t i n g .  The same o b j e c t i v e  was ach ieved  in t h e  
bottom e l e c t o d e  by machining a rep lacement b a k e l i t e  i n s u l a t o r  having a 
ho le  which provided  a t i g h t  f i t  with  t h e  e l e c t r o d e .
(3) Thermocouple and h o l d e r : In o rd e r  t o  moni tor  t h e
te m p e ra tu re  of  th e  v a p o r i z a t i o n  tube  c o n t i n u o u s l y ,  a chromel-a lumel 
thermocouple was in t ro d u c e d  i n t o  t h e  a tom ize r  th rough a ho le  d r i l l e d
i n t o  t h e  f r o n t  t r a n s i t e  annulus  of  t h e  a to m iz e r .  This  ho le  was d r i l l e d  
approxim ate ly  a t  th e  bottom r i g h t  p o r t i o n  and once t h e  thermocouple was 
in  p l a c e ,  s i l i c o n e  rubber  s e a l a n t  was used t o  s ea l  th e  ho le .
The thermocouple was f i x e d  1n space  near  t h e  molybdenum p i e c e ,  and 
s h i e l d e d  from r e f l e c t e d  r a d i a t i v e  hea t  w i th in  t h e  a tom ize r  (coming from 
t h e  hot  a tom ize r  s e c t i o n )  by two p ie c e s  of  t r a n s i t e  as shown 1n f i g u r e  
10 c.  One p ie ce  of t r a n s i t e ,  t h e  b a s e ,  c o n s i s t e d  of  a r e c t a n g u l a r  rod 
of  t h e  proper  l enght  (about  3" long)  t o  f i t  snuggly w i th in  t h e  two 
a n n u la r  t r a n s i t e  i n s u l a t o r s  a t  each end of t h e  a to m iz e r .  A hole  was 
d r i l l e d  along i t s  l e ng th  up t o  a p o in t  e q u i v a l e n t  t o  th e  c e n t e r  of  t h e  
v a p o r i z a t i o n  s e c t i o n .  At t h i s  p o in t  an o th e r  ho le  (1 /4" )  was d r i l l e d  
normal t o  molybdenum p i e c e .  The s h i e l d  p o r t i o n  was snuggly f i t t e d  i n t o  
t h i s  h o l e ,  and extended about  h a l f  an inch from t h e  base .  The 
thermocouple was then  th rea d ed  th rough  th e  base and up th rough a ho le  
d r i l l e d  along th e  s h i e l d  p o r t i o n .
Because th e  mass of th e  s h i e l d  was l a r g e ,  i t  was n o t i ced  t h a t  t h e  
hea t  which i t  absorbed  could  not e a s i l y  be d i s s i p a t e d .  Once t h e  
v a p o r i z a t i o n  s e c t i o n  was tu rn ed  o f f ,  i t  kept  t h e  thermocouple from 
c o o l in g  w i th in  a r ea so n ab le  pe r iod  of  t im e .  As a r e s u l t  t h e  t r a n s i t e  
s h i e l d  p o r t i o n  was s u b s t i t u t e d  fo r  a p ie c e  of  a v a i l a b l e  s t e e l ,  which was 
formed i n t o  t h e  d e s i r e d  shape .
( d ) Second Atomizer Housing Design:
(1) I n t e r n a l  components: t h e  arrangement of  t h e  p ie c e s  a r e  
d e p ic te d  in  f i g u r e  11, showing th e  molybdenum a n a ly z in g  s e c t i o n s ,  t h e  
carbon suppor ts  and c e n t e r  e l e c t r o d e ,  and th e  approximate r e l a t i v e  
p o s i t i o n s  of th e  thermocouples  being used .
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Figure II
All f o u r  b r a s s  e l e c t r o d e s  were r ed es ig n e d  f o r  b e t t e r  e l e c t r i c a l  
connec t ion  and f a c i l i t a t i n g  assembly .  A thermocouple  was added 
t o  moni tor  th e  v a p o r i z a t i o n  s e c t i o n  t e m p era tu re .
The des igns  of  t h e  molybdenum p ie c e s  were e s s e n t i a l l y  t h e  same as 
t h o s e  used with  t h e  f i r s t  a to m iz e r .  In t h e  l a t t e r  p o r t i o n  of  t h e  study  
t h e  ends were t a p e re d  t o  82 degrees  in o r d e r  t o  I n c r e a s e  t h e  c o n t a c t  
a rea  In t h e  co n n e c t io n .  F igu res  3e.  f  d e p i c t  t h i s  change.  The d i s t a n c e  
between th e  two p i e c e s  w i th in  t h e  carbon c e n t e r  e l e c t r o d e  v a r i e d  from 
1 /16“ t o  3 / 8 “, and was u s u a l l y  not c a r e f u l l y  c o n t r o l l e d .
All carbon p ie ces  were machined out  of U l t r a  Carbon g r a p h i t e  
ro d s .  The s u p p o r t s  were made out of one Inch rods and th e  c e n t e r  
e l e c t r o d e ,  a t  f i r s t ,  was a l s o  made out  of  a one Inch carbon rod ,  but 
then  only 3/4"  rods were used .  All fo u r  b ras s  e l e c t r o d e s  were t a p e r e d  
t o  55°,  and so a l l  carbon p ie ces  were machined t o  t h i s  t a p e r  and a l s o  
d r i l l e d  t o  82°,  f o r  t h e  connec t ions  with  th e  t a p e r e d  molybdenum 
s e c t i o n s .
Two the rmocouples  were used t o  measure In s id e  t e m p e r a t u r e s .  A 
chromel-alumel j u n c t i o n  was p o s i t i o n e d  normal and j u s t  above t h e  
v a p o r i z a t i o n  s e c t i o n  (body-TC).  The d i s t a n c e  between t h i s  j u n c t i o n  and 
th e  Mo tube  was u s u a l l y  gauged with  a 23 B r i t .  S td .  gauge w ire  (0 .024 
i n . ) ,  because i t  was co n v e n ie n t .  The w ires  f o r  t h i s  thermocouple were 
fed  I n to  th e  a tom ize r  th rough a p o r t  in  t h e  aluminum hous ing ,  and were 
he ld  somewhat r i g i d l y  in p o s i t i o n  by r e s t i n g  in  a ho le  d r i l l e d  th rough  a 
square  t r a n s i t e  rod ,  which was cu t  t o  f i t  u p r ig h t  i n s i d e  t h e  a to m ize r  
(see f i g u r e  11).
To measure t h e  approximate tem p era tu re  of  t h e  c e n t e r  carbon 
e l e c t r o d e  between th e  molybdenum p i e c e s ,  an i r o n - c o n s t a n t a n  thermocouple 
was p laced  in  a shal low ho le  d r i l l e d  i n t o  t h e  ca rbon ,  a t  t h e  same he igh t  
t h e  metal p ie ces  f i t  i n t o  i t .
The thermocouple openings in  t h e  a tom ize r  housing were s e a l e d  with
50
commercial ly  a v a i l a b l e  s i l i c o n e  rubber  s e a l a n t .
(2) Brass e l e c t r o d e s  and connec t ing  c a b l e s : Some of  t h e  main
c o n s i d e r a t i o n s  in th e  des ign  of t h e s e  e l e c t r o d e s  inc luded  th e
requ irement of  a d j u s t i n g  t h e  depth t o  which they  would be In t roduce d
i n t o  t h e  a tom ize r  ( t h e r e f o r e  a b l e  t o  a d j u s t  t o  t h e  i n t e r i o r  components '  
l e n g t h s ) .  They a l s o  had t o  be w ate r  coo led ,  d u r a b l e ,  not  ex p e n s iv e ,
good e l e c t r i c a l  c o n d u c t o r s   The r e s u l t i n g  des ign  i s  d e p i c te d  in
f i g u r e  12 and 12A. F igure  12 shows th e  assembled u n i t  and f i g u r e  12 A 
an exploded view of th e  components.
In o rd e r  t o  a d j u s t  t h e  dep ths  t o  which they  could  be in t ro d u c e d
i n t o  t h e  a tom ize r  t h r e e  of  them were th r e a d e d  th rough  1/2" t h i c k ,  
th re a d e d  metal r in g s  which were s e c u re ly  a t t a c h e d  t o  t h e  e l e c t r i c a l  
i n s u l a t o r s ,  mounted on th e  a tom ize r  hous ing .  As a consequence th e  
weld ing  cab le  end connec t ions  a l s o  had t o  be modif ied  t o  accomodate t h e  
r o t a t i o n  of  th e  e l e c t r o d e  while  t h e  c ab le s  themse lves  were s t a t i o n a r y .
A 1/2"  ho le  d r i l l e d  th rough  th e  end connec t ions  of  th e  c ab le s  with  a 
p r o v i s io n  f o r  a s e t  screw solved  t h i s  problem s a t i s f a c t o r i l y .  To al low 
f o r  carbon expansion of t h e  carbon c e n t e r  e l e c t r o d e  due t o  h e a t i n g ,  th e  
top  b r a s s  e l e c t r o d e  was s p r in g  loaded .
E l e c t r i c a l  i n s u l a t i o n  f o r  t h e  a tom ize r  hous ing was nece ssa ry  and 
led  t o  th e  use of  a p h en o l ic  l am ina tes  ( l i k e  B a k e l i t e  or  M ic a r t a ) .  On 
t h e  f r o n t  and back p i e c e s ,  an 0 - r i n g  was in c lu d ed  on t h e  i n s i d e  s u r f a c e  
o f  th e  i n s u l a t o r  p rov id ing  an a i r  sea l  w ith  t h e  b ra s s  e l e c t r o d e s ;  
because even v i to n  0 - r i n g s  had decomposed in t h e  top  and bottom 
e l e c t r o d e s  of  t h e  p rev ious  a to m iz e r ,  i t  was not  th ough t  wise  t o  p lace  
them in  th e  same a r rangem ent .  The bottom e l e c t r o d e ,  t h e r e f o r e ,  had the  
0 - r i n g  on t h e  o u t s id e  s u r f a c e  of t h e  th re a d e d  metal r i n g ,  p a r a l l e l  t o
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F i g u r e  12
Diagram o f  th e  assembled tw o-s tage  a to m iz e r .  Not shown a r e  the 


















Figure  12 —A
Brass  e l e c t r o d e s  and a s s o c i a t e d  con n ec t io n s  in  th e  second tw o-s tage  
a to m iz e r .
t h e  body hous ing ,  where r a d i a t i v e  hea t  could  not  decompose i t .  The a i r  
sea l  was made as t h e  e l e c t r o d e  was screwed I n to  p l a c e .  A comparable 
sea l  could  not  be achieved  with  t h e  top  e l e c t r o d e  because t h e  t e f l o n  
s l e e v e  th rough  which i t  s l i d  i n t o  t h e  a t o m iz e r ,  had t o  p rov ide  enough 
space f o r  f r e e  s l i p p a g e  s in c e  i t  was s p r in g  loaded .  All of t h e s e  
components a r e  d e p ic te d  in f i g u r e  12.
All b a k e l i t e  i n s u l a t o r s  were mounted t o  t h e  a tomize r  body with 
fou r  screws each ,  and a l l  common s u r f a c e s  were s ea le d  with  commercial ly 
a v a i l a b l e  s i l i c o n e  rubber s e a l a n t .
(3) Atomizer body: The body was made of  aluminum because i t
was in expens ive  and e a s i l y  machined,  al though  maybe not  as easy to  weld 
as o t h e r  me ta ls  might be. F igure  13 shows a ske tch  of  t h e  a tomizer  
(having an i n t e r i o r  volume of ca 1 .6  ) .  The main s e c t i o n  had a w a te r
j a c k e t  f o r  coo l ing  as did  both s e t s  of  doo r s .  Two openings f o r  th e  
thermocouples  were in c lu d e d ,  as  well as two more f o r  t h e  argon i n l e t  and 
th e  gases exhaus ts  (a l though  p o s i t i v e  p r e s s u r e  would fo r c e  some argon to  
escape  th rough  a l l  e x i s t i n g  gap s ) .
Each door was f a s t e n e d  t o  th e  body with  fo u r  sc rews,  which when 
t i g h t e n e d  would compress 0 - r i n g s  f i t t e d  i n t o  r e c t a n g u l a r  grooves m i l l e d  
on th e  i n s i d e  of  each door .  (These s e a l s  were made a g a i n s t  t h e  a tom ize r  
w a l l . )  These doors were e a s i l y  removed when n e c e s s a ry .
On each of  th e  doors were two c i r c u l a r  open ings .  The s m a l l e r  one
was f o r  t h e  q u a r t z  window ( o p t i c a l  p a th )  and th e  l a r g e r  one was a
viewing window. The l a t t e r  had an 1 1/2" d i a m . , 1/8" t h i c k  p l a t e  g l a s s
(ob ta ined  from a loca l  hardware s t o r e ) .  To reduce th e  amount of  
r a d i a t i o n  f a l l i n g  on i t  and caus ing  i t  t o  c rack  by expansion  a s l i t t e d  
a t t e n u a t o r  made of  aluminium f o i l  was p laced  on th e  i n s i d e  of  t h e
s t e p - d o w n
t r a n s fo r m e r
top bra ss  
e le c t r o d e
c
e le c t r o d e
s t e p - d o w n
transform er
SECOND A T O M I Z E R  HOUSING
Figure  I 3
Exploded view o f  t h e  a tom ize r  hous ing ,  showing the  doors ,  top 
and back b r a s s  e l e c t r o d e s ,  and viewing windows.
g l a s s .  Betweeen th e  g l a s s  and t h e  e x t e r i o r  aluminum r in g  r e t a i n e r s  was 
a p o ly e th y le n e  r in g  t o  avoid  g l a s s  t o  metal s t r e s s .
Both q u a r t z  and p l a t e  g l a s s  windows were f i t t e d  with  0 - r l n g s  on th e  
i n s i d e  t o  p rov ide  an a i r  s e a l ,  and were a l s o  e a s i l y  removed f o r  c l e a n in g  
a nd /o r  r e p l a c i n g .
(e )  Copper E l e c t r o d e p o s i t i o n  on Carbon.
In an a t tem pt  t o  d ec re ase  any vo l t age  drop between a l l  carbon and 
brass  p ie ces  i t  was thought t h a t  e l e c t r o d e p o s i t i n g  copper on th e  carbon 
might p rov ide  a b e t t e r  c o n t a c t .  The equipment used was s imple  and 
c o n s i s t e d  of a v a r i a c  which was connec ted t o  a power t r a n s f o r m e r .  The 
t e r m i n a l s  of  t h i s  t r a n s f o r m e r ,  which p rov ided  an ou tpu t  of  6 .3  V a t  4 
Amp were connected to  th e  ac t e r m i n a l s  of  a r e c t i f i e r .  The r e c t i f i e r  in 
t u r n ,  p rov ided  th e  necessary  vo l t a g e  and c u r r e n t  t o  d e p o s i t  copper ,  onto 
the  submerged carbon e l e c t r o d e  suppor t  s u r f a c e ,  from a copper n i t r a t e  
s o l u t i o n .  The anode was a p la t inum w i r e ,  in  t h e  form of a c i r c l e  
su r round ing  t h e  carbon e l e c t r o d e .  I t  was found t h a t  ca .  0 .2  v o l t s  dc 
w ith  ca .  400 ma provided  good d e p o s i t i o n  from th e  m a g n e t i c a l l y  s t i r r e d  
s o l u t i o n .  (See F igure  14)
2B,3.  A ir  Sampling Equipment.
(a)  Pump
A Dyna-Vac diaphragm pump, model 4 K from Cole Palmer Ins truments  
Co was used t o  draw a i r  th rough  a f i l t e r ,  a t  a r a t e  of 3-5 ji/min.
(b)  F i l t e r
Gelman g la s s  f i b e r ,  type  A #61694 with  a 99.9% r e t e n t i o n  f o r  
p a r t i c l e s  of 0 .3  micrometer .  These f i l t e r s  had t o  be cu t  t o  f i t  a 
Gelman one in c h ,  in l i n e  f i l t e r  h o ld e r  (#1109)
bridge rect i f ier
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Figure I 4
Copper E l e c t r o d e p o s i t i o n  System. Tip o f  carbon e l e c t r o d e  was 
copper  p l a t e d .
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(c )  Flow meter  
Dwyer 0-5 t / m in .
(d) A n a ly t ica l  Balance:  M e t t l e r  ty p e  H5, 160 g.
2B,4.  Thermograv imetr ic  A n a ly s i s .
(a )  Dupont 950 Thermogravimetr ic  A n a ly z e r , w i th  n i t r o g e n  as a 
purge gas ,  and a p la t inum  bo a t .
(b) Dupont 900 Thermal A n a ly ze r , 0-1000°C
2C. PROCEDURES.
2C,1.  S tandard  S o l u t i o n s .
Stock s o l u t i o n s  of  s o lu b l e  s a l t s  of  1000 ppm were p repa red  1n 
d i s t i l l e d  de ion ized  w a te r  and kept  In l a r g e  f l i p  top  p o ly e th y le n e  
v i a l s . S a t u r a t e d  s o l u t i o n s  o f  t h e  l e s s  s o lu b l e  s a l t s  were used ,  Inc lu d in g  
t h e  o x id e s ,  s u l f a t e s  and some of t h e  oxyanlon s a l t s .
2C,2.  Hollow ca thode  p r e p a r a t i o n  and o p e r a t i n g  c o n d i t i o n s .
(a)  Cadmium: t h e  hollow cathode was p repared  by m e l t ing  and 
then  d r i l l e d  (7 /64" d1am.) th e  metal in  a b ras s  cup.  An approximate  
d . c .  c u r r e n t  of  20 ma was used both with  th e  PE-403 and double s tag e  
sys tem s .  The a n a l y t i c a l  a b s o r p t i o n  l i n e  used was t h e  228.8 nm, and 
226.8  nm f o r  background c o r r e c t i o n  with  th e  PMT v o l t ag e  being in c re a s e d  
t o  ach ieve  t h e  same t r a n s m i t t e d  i n t e n s i t y .
(b)  Mercury: t h e  cathode was made with  a copper f o i l ,  or  a 
copper tube  of t h e  p roper  s i z e  t o  f i t  1n a b rass  cup and amalgamated 1n 
mercury f o r  a t  l e a s t  2 or  3 days .  A small dc c u r r e n t  of 3-5 ma was 
u sed .  The a n a l y t i c a l  l i n e  used was t h e  253.7 nm, and s in c e  t h e  257.6 nm 
non resonance l i n e  was not  i n t e n s e  enough,  th e  m olecu la r  background was 
measured with  a deu ter ium lamp, having t o  I n c r e a s e  t h e  PMT vo l t a g e  t o  
o b t a in  t h e  same b a s e l i n e  s i g n a l .
(c )  Lead: metal  was mel ted  I n t o  a b r a s s  cup and t h e  ca thode  
d r i l l e d  (7 /64"  d1am.)  A dc c u r r e n t  of  c a .  18-25 ma was used .  The 283.3 
nm a n a l y t i c a l  l i n e  was used alpng with  t h e  non resonan t  280.2 nm l i n e  
f o r  background c o r r e c t i o n s .  The b a s e l i n e  I n t e n s i t i e s  were balanced by 
i n c r e a s i n g  th e  PMT v o l t a g e  or  a l t e r n a t i v e l y  by r e g u l a t i n g  t h e  c u r r e n t
and p r e s s u r e  of  t h e  lamp.
(d)  Z inc :  a n a l y t i c a l  r eagen t  grade  mossy z inc  was melted  i n t o
a b r a s s  cup,  and d r i l l e d  t o  7/64" d ia m e te r .  D.c .  c u r r e n t s  of 20-25 ma 
were used .  The a n a l y t i c a l  l i n e  used was t h e  213.9 nm. (The deu ter ium 
lamp was used because t h e  non r esonan t  l i n e s  were to o  weak ( 2 1 0 . 4 ^  or  
212.5nm104) . )
2C,3 Perk in  Elmer 403-HGA-2000.
All s t u d i e s  were performed us ing  t h e  deuter ium background 
c o r r e c t i o n  and 1n th e  abso rbance ,  r e p e a t ,  and 10 average  mode. Other 
a s p e c t s  of  t h e  o p e r a t i o n  of  t h i s  system a re  d e t a i l e d  below.
(a)  Methods of  pu rg ing :  o r g i n a l l y  t h e  fu rn ace  was not
equipped with  q u a r t z  end-w1ndows and th e  recommended procedure  t o  keep 
th e  g r a p h i t e  tube  under an i n e r t  atmosphere c a l l e d  f o r  th e  use of  a 
l a r g e  purge gas f low r a t e ,  from th e  top  of  th e  fu rnace  in  t h e  o rd e r  of 6 
i / m i n .  The a d d i t i o n  of end-windows p e rm i t t e d  th e  r e d u c t io n  of  t h e  
n i t r o g e n  f low r a t e  c o n s id e r a b l y ,  ranging  from 10 t o  270 cc /min .  A flow 
meter  was then  p laced  between th e  HGA u n i t  and t h e  fu r n a c e ,  and 
c a l i b r a t e d  a t  20 ps1g (soap bubble method).
Two methods of  pu rg ing  were t r i e d :  ( i ) from t h e  windows or  ( i i )
from t h e  top  of  t h e  fu rn a c e  "toward t h e  windows".  The former 
arrangement  proved t o  be p r e f e r a b l e  ( the  f i g u r e  15) .  In both flow r a t e  
a p p ro ac h es ,  however,  no gas f low could  be measured a t  t h e  o p p o s i t e  end 
from which t h e  gas went i n ,  even with  n i t r o g e n  f lowing  in a t  270 
cc /m in .  T h e r e f o re ,  only t h e  f low e n t e r i n g  th e  "y" s e p a r a t i o n  was 
r e p o r t e d .
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Methods of Purging t h e  PE Graphite  Furnace,  (a )  From th e  windows
(b) From t h e  top of th e  fu rnace  "towards th e  windows". Best r e s u l t s  
w ith  low t r a i l i n g  were observed a t  230 cc /min .  us ing  (a)
(b) Flow r a t e s :  da ta  r e l a t i n g  th e  s igna l  ob ta ined  as a fu n c t io n
of t h e  flow r a t e ,  a t  t h e  slower h e a t in g  r a t e ,  a r e  shown in f i g u r e  16 
us ing 5 ppm l e v e l s  of lead  c h l o r i d e .  Subsequent s t u d i e s  using t h e  
motor ized  he a t in g  mode were conducted a t  130 cc /min .  This provided  a 
l a rg e  enough s ig n a l  over a rea sonab le  t e m p era tu re  range .  The flow of 
t h e  gas was never i n t e r r u p t e d  dur ing  a h e a t in g  c y c l e .
(c)  Cleaning th e  f u rn a c e :  a t  t h e  o u t s e t  of a l l  work i t  was
n o t i c e d  t h a t  t h e  background a b s o r p t i o n  was c o n s id e r a b l e  even a f t e r  
prolonged c o n d i t i o n i n g  of  th e  g r a p h i t e  tube  a t  th e  maximum te m pera tu re  
(ca .  2400-2470°C). Dismant l ing  and c l ean in g  t h e  whole fu rnace  in d i l u t e
P b C I 2 , I pi 5 p p m
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A bsorp t ion  Traces  as  a Funct ion  o f  Purge Gas Flow Rate Using 
th e  PE G rap h i te  Furnace.  (Flow coming from th e  windows.)  Bes t  
compromise between s ig n a l  t r a i l i n g  and i n t e n s i t y  was used,  namely,  
130 cc /min
HC1 r e s o lv e d  t h a t  background problem.  Each new tu b e  was c o n d i t i o n e d  by 
high  t e m p e ra tu re  c l e a n in g  b e fo re  u s in g .
(d)  Recording of  d a t a :  t h e  r e c o r d e r  speed  was 0 .25 1n/min.
The te m p e ra tu r e  s ig n a l  coming from th e  fu rn a c e  c o n t ro l  u n i t  was a d j u s t e d  
t o  a maximum te m p e ra tu r e  o f  2300° t o  be f u l l  s c a l e  on t h e  r e c o r d e r .
A n e u t r a l  d e n s i t y  f i l t e r  (a w ire  mesh) was p la ced  a t  t h e  hollow 
ca thode  t o  s e t  t h e  a b s o r p t i o n  s c a l e  on t h e  r e c o r d e r .  While t h e  system 
o p e ra t e d  with  t h e  D2 lamp th e  r e c o r d e r  pen was a d j u s t e d  with  t h e  10 t u r n  
p o t e n t i o m e t e r  on t h e  r e c o r d e r .  On t h e  PE 403 u n i t  t h e  z e ro  had t o  be 
a d j u s t e d  w i th  t h e  a p p r o p r i a t e  c o n t r o l .
All measurements were reco rded  with  t h e  s m a l l e s t  t ime c o n s t a n t  
a v a i l a b l e ,  namely 0 .25 s e c .
(e )  Sample i n t r o d u c t i o n :  t h e  a d j u s t a b l e  F i n n p i p e t t e  
m i c r o l i t e r  d i s p e n s e r  was used a t  f i r s t ,  but  because i t  p laced  s t r a i n  on 
t h e  g r a p h i t e  tu b e  a t  each sample I n t r o d u c t i o n  f u r t h e r  use was 
d i s c o n t i n u e d .  A 10 ytHamllton  s y r in g e  with  a s t a n d a r d  2 Inch need le  was 
s u b se q u e n t ly  used .
All I n j e c t i o n s  were made co ld  s in c e  b e t t e r  r e p r o d u c i b i l i t y  was 
ach ieved  th a n  i n j e c t i n g  t h e  samples a t  h ig h e r  t e m p e ra tu r e s  (100-200°C).
( f )  Hea ting  r a t e s :  t h e  e f f e c t  o f  h e a t in g  r a t e s  were
s t u d i e d .  I t  was n o t i c e d  t h a t  slow h e a t in g  r a t e s  caused s e n s i t i v i t y  
l o s s e s .  The purpose  of  us ing  s low er  h e a t in g  r a t e s  was t o  observe  
whether  s p e d a t l o n  was p o s s i b l e ,  w hi le  c o r r e c t i n g  t h e  s ig n a l  
background.  The In s t ru m en t  d id  not  Inc lude  any c o n t ro l  over  t h i s  
p a r a m e te r ,  and t h e r e f o r e ,  hea ted  t h e  fu rn a c e  q u ic k ly  t o  a p rede te rm ined  
t e m p e r a t u r e .  Two approaches  f o r  t h e  gradual  h e a t in g  were used .
(1)  Manual c o n t r o l :  t h e  f i r s t  approach was t o  i n c r e a s e
t h e  fu rnace  t e m p era tu re  by equal Inc rem en ts ,  a t  p rede te rm ined  l e n g th s  of  
t im e ,  e . g . ,  a t  a r a t e  of  100°C every  10, 15 or  20 s e c .  This  p rocedure  
invo lved  a d j u s t i n g  t h e  a tomiz ing  t e m p era tu re  p o te n t io m e te r  t o  t h e  
i n d i c a t e d  t e m p era tu re s  on th e  fu rnace  m e te r .  The push -bu t ton  used t o  
s e t  t h e  a tomiz ing  t e m p era tu re  was kept  depressed  f o r  th e  d u ra t i o n  of t h e  
h e a t in g  c y c l e .  An o n -o f f  swi tch  l a t e r  rep la ced  having t o  push t h i s  
b u t t o n .  F igure  17 shows th e  e f f e c t  of us ing t h i s  hea t ing  mode with  a 
sample of le ad  c h l o r i d e .  Spurious  s i g n a l s  were more pronounced a t  th e  
s lower  h e a t in g  r a t e s .
F igure  18 shows a study of  t h e  s i g n a l s  ob ta ined  as a f u n c t io n  of  
flow r a t e  of t h e  n i t ro g e n  purge gas us ing t h i s  manual co n t ro l  approach.
A h e a t in g  r a t e  of  100°C/10 sec was chosen f o r  t h i s  s tudy .  A flow r a t e  
of about  45 cc/min produced th e  most i n t e n s e  s i g n a l s  and t h e r e f o r e  was 
p r e f e r e n t i a l l y  used.
Once th e  flow r a t e  was p ro p e r ly  a d j u s t e d  i t  was p o s s i b l e  t o  use 
s tan d a rd s  t o  op t im ize  th e  h e a t in g  r a t e .  F igure  19 shows such a study  
us ing  a 2 y to f  a 10 ppm PbCl2 s o l u t i o n .  Superimposed on t h e  curve on 
th e  r i g h t  i s  th e  te m pera tu re  of t h e  fu rnace  as recorded  dur ing  t h a t  
c y c l e .  These two curves  in t h i s  diagram were drawn t o  c o i n c id e ,  but in 
f a c t  did not because th e  two r e c o r d e r  pens needed a s e p a r a t i o n  space  in 
o rd e r  f o r  them t o  o v e r l a p .  S e r ious  problems with spur ious  s i g n a l s  were 
en coun te red .  These c r e a t e d  d i f f i c u l t i e s  in  th e  i n t e r p r e t a t i o n  of  t h e  
recorded  s i g n a l s .
I t  became ev iden t  from th e  lead  c h l o r i d e  t r a c e ,  as  well as o t h e r s ,  
t h a t  t h e  approach of manually c o n t r o l l i n g  th e  h e a t in g  ramp would be 
t roublesome f o r  t h e  f u t u r e  i d e n t i f i c a t i o n  of the  d i f f e r e n t  s a l t s .  The 
numerous s p u r ious  a b s o rp t io n  s i g n a l s  t h a t  were observed were a s c r ib e d  t o
PbCI , 15 pi 5ppm
I 0 0  ° / 5 S E C
% A
I 0 O ° / 15 SEC
t e m p .  (°C )
Figure I 7
E f f e c t  o f  Manually C o n t r o l l i n g  th e  PE Furnace Heat ing Rate.  The 
b e s t  s ig n a l  was o b ta in e d  a t  f a s t  h e a t in g  r a t e s .  Peak t r a i l i n g  
and d i f f e r e n c e s  were no ted a t  lower h e a t in g  r a t e s .
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Fi g u X e 18
Purge Gas Flow Rate Using the Manually C o n t ro l l e d  Heating Rate 
o f  th e  PE Furnace.  Using a h e a t in g  r a t e  o f  100°/10 s e c .  the  
optimum flow r a t e  was 45 cc /m in .
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Figure 19
Heating  Rate Study Using th e  Manual Procedure with  the  PE Furance.  
The s tepw ise  fu rnace  t e m p era tu re  i s  d e p i c t e d  by the  d o t t e d  l i n e .  
The u n d e s i r a b l e  s p u r ious  s i g n a l s  t h a t  were more pronounced a t  
s lov/er  h e a t in g  r a t e s  a r e  a l s o  d e p i c t e d .
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an In c reased  a to m iz a t io n  of  t h e  a n a l y t e  each t ime t h e  t e m p e ra tu re  was 
r a i s e d  in s t e p s .  This e f f e c t  was e l im i n a t e d  us ing t h e  f a s t e r  and more 
uniform h e a t in g  r a t e s  which produced a smoother a b s o rp t io n  s i g n a l .
The r e s u l t s  ob ta ined  with  some le ad  s a l t s  a r e  d e p ic te d  in f i g u r e s  
20 and 21. These show t h e  s i g n a l s  observed f o r  PbS and Pb304, 
r e s p e c t i v e l y ,  and t h e  marked Inc idence  of  t h e  spu r ious  s i g n a l s .  ( 2 ) 
Motorized h e a t in g  r a t e :  t h e  two speeds of t h e  kymograph provided  two
s u b s t a n t i a l l y  d i f f e r e n t  h e a t in g  r a t e s .  One took about  20 minutes per  
r e v o lu t io n  and t h e  o t h e r  about 26 1/2  m in u te s .  T y p i c a l l y ,  t h e  f a s t e r  
speed al lowed h e a t in g  from 100°C t o  2000°C in  1 1 /4  m inu tes ,  and th e  
s lower  r a t e  in 7 1/2  m inu tes .  F igure  22 shows t h e  s i g n a l s  ob ta ined  f o r  
two d i f f e r e n t  c o n c e n t r a t i o n s  of  le ad  n i t r a t e  a t  t h e  two h e a t in g  r a t e s .  
The s igna l  t e m p era tu re  was not s i g n i f i c a n t l y  a f f e c t e d  by th e  sample 
s i z e .
Using th e  f a s t e r  h e a t in g  r a t e  produced a s h a r p e r ,  h ighe r  peak.  The 
slower r a t e ,  s i m i l a r  to  t h a t  used in t h e  two s t a g e  AAS system,  p rovided  
a s u f f i c i e n t  t e m p era tu re  g r a d i e n t  so t h a t  d i f f e r e n c e s  in appearance 
te m p era tu re s  f o r  th e  var ious  s a l t s  could be obse rved .  The use of  the  
slower  r a t e  a l s o  provided  more a c c u r a t e  t e m p e ra tu re  measurements of  t h e  
observed  s i g n a l s ,  s i n c e  t h e  ac tua l  fu rnace  wall t e m pera tu re  lagged 
behind th e  e l e c t r o n i c  s igna l  being recorded  by about  5 seconds ,  when th e  
f a s t e r  h e a t in g  r a t e s  were used.
For t h e  s t u d i e s  on le ad  compounds t h e  te m p e ra tu r e  program reached 
2100°,  f o r  cadmium 1800° and f o r  z in c  2000°C. I t  was not necessa ry  t o  
t a k e  t h e  fu rnace  t o  h ig h e r  t e m p era tu re s  because by then  a l l  t h e  samples 
had been swept away and th e  s igna l  re tu rn e d  t o  b a s e l i n e .
(g) Temperature as s ignment:  because t h e  r e c o r d e r  pens were
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Figure 2 0
Lead S u l f i d e  A bsorp t ion  Trace  Using the  Manual Heating Rate 
Procedure  w i th  th e  PE System. S t r u c t u r e  was observed  a t  lower 
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Figure  21
Observed A bsorp t ion  Trace o f  t h e  Pb30- Using the  Manual Heating 
Rate Procedure  w i th  the  PE System. Tne s p u r io u s  s i g n a l s  
were q u i t e  prominent  and were u n d e s i r a b l e .
P b ( N 0 3) 2
1000
HEATING1
2 pi I Oppm 
l a s t  slow
9 7 0 '
2  5 0
fo  St slow
Figure 2 2
R e s u l t s  from Samples o f  Two C o n c e n t r a t io n ,  a t  Two Heat ing Rates 
(motor ized  PE-HGA). S ig n a l s  were s h a r p e r  a t  f a s t  h e a t in g  r a t e  
b u t  inc luded  s t r u c t u r e  a t  s low r a t e .
s l i g h t l y  o f f s e t ,  so t h a t  they  would o v e r l a p ,  t h e  t e m p e ra tu re  s c a l e  
needed t o  be c o r r e c t e d  a c c o r d i n g l y .  No o t h e r  c o r r e c t i o n  were in c luded  
in  t h e  ass ignment  of t h e  t e m p e r a t u r e s .
(1)  Furnace c o n d i t i o n s :  t h e  dependence of  t h e  observed 
s ig n a l  t e m p e ra tu re s  on t h e  c o n d i t i o n  of  th e  g r a p h i t e  tu b e  1s d e p ic te d  in 
f i g u r e  23. A d i f f e r e n c e  of  about  200°C or  more,  was a t t r i b u t e d  t o  t h i s  
e f f e c t  f o r  aged tubes  r e l a t i v e  t o  new ones .
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Figure  2 3
E f f e c t  of  t h e  G raph i te  Tube Cond i t ions  on th e  Observed Signal  
Tem pera tu re s .  At low fu rnace  f i r i n g  number th e  s i g n a l s  
appea r  a t  t e m p e ra tu re s  c l o s e r  t o  t r u e  v a l u e s .
The carbon wall o f  t h e  tu b e  where t h e  sample was p laced  th in n e d  out
with  prolonged use .  As a consequence,  t h e  same amount of  e l e c t r i c a l
power t o  hea t  t h e  fu rnace  t o  a p a r t i c u l a r  t e m p e r a t u r e ,  th e  c e n t e r  
p o r t i o n  of t h e  g r a p h i t e  tube  became h o t t e r  than  normal. S ince  t h e  
r e c o rd e r  t r a c e d  t h e  un co r rec ted  e l e c t r i c a l  tem p era tu re  s i g n a l ,  p rov ided  
by th e  fu rnace  c o n t ro l  u n i t ,  t h e  a s s igned  t e m p era tu re s  t o  th e  observed 
peaks were lower.
(2)  E f f e c t  of  sample s i z e :  in  g e n e r a l ,  i t  was a l s o
observed t h a t  as th e  sample s i z e  t h a t  was analyzed  with  th e  PE system 
in c re a s e d  th e  appearance  t e m pera tu re  of  t h e  s ig n a l  dec re ase d .  I t  was 
thought t h a t  because of  th e  h igh ly  dynamic c o n d i t i o n s  of  th e  system t h a t  
a s u f f i c i e n t l y  l a rg e  amount of  a n a l y t e  was v o l a t i l i z e d  so as t o  be 
d e t e c t e d ,  when l a rg e  samples were used .  Converse ly ,  small sample s i z e s  
d id  not v o l a t i l i z e  enough a n a l y t e  t o  be d e t e c t e d  and th us  t h e i r  Tapp was 
h ighe r  while  the  maximum of th e  s ig n a l  did  not  s i g n i f i c a n t l y  change in 
t e m p e ra tu re .  F igure  24 d e p i c t s  th e  t r e n d  us ing  lead  c h l o r i d e  and 
io d i d e .
2C,4.  Two-Stage Atomizer.
(a )  General C o n s id e ra t io n s :  t h e  fo l low ing  were common t o  th e  
f i r s t  and second a to m iz e r s .
(1) Signal p ro c e s s in g  system: t h e  PMT v o l t a g e  used ranged
between 500 and 650 v o l t s .  The s ig n a l  from t h e  PMT was fed  th rough  the  
j u n c t io n  box i n t o  th e  a m p l i f i e r ,  which could  only be o p e ra ted  with the  
chopper system engaged,  in t h e  phase- lock  mode, and on th e  100% T 
s c a l e .  To a d j u s t  f o r  t h e  optimum phase once t h e  r e l a t i v e  p o s i t i o n s  of 
the  s o u rce ,  chopper and monochromator were f i x e d ,  th e  a d j u s t i n g  wheel 
(mentioned e a r l i e r  under Light  Source Modulat ion) was r o t a t e d  u n t i l  t h e
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Figure  2 4
E f f e c t  o f  t h e  Sample S ize  on th e  Observed Signal  Temperatures
(a)  For t h e  lead  c h l o r i d e  sample,  (b)  For th e  lead  iod ide  
sample.  The appearance  tem p era tu re  d ec reased  w i th  i n c re a s e d  
sample c o n c e n t r a t i o n s .
l a r g e s t  s igna l  was o b ta in e d .
The a m p l i f i e r  was s e t  t o  I t s  10"® amp s e n s i t i v i t y  s c a l e  f o r  t h i s  
s tu d y .
The r e c o r d e r  was only o p e ra ted  a t  t h e  100 mv s c a l e  and th e  c h a r t  
speed v a r ie d  depending on th e  h e a t in g  r a t e  used .  For t h e  most p a r t  
s in c e  t h e  p r e f e r r e d  h e a t in g  c y c l e  l a s t e d  only about 5 m inu tes ,  a 
co r respond ing  speed of  0 .2  in /m in .  was used r a t h e r  than  0.1 1n/min.
(2) Atomizer gas f low r a t e s :  two s treams of  argon were 
used .  The f i r s t  went i n t o  t h e  a tom ize r  body and th e  second ,  th rough the  
ana lyz ing  t u b e s .  Each was c o n t r o l l e d  s e p a r a t e l y .
All flow r a t e  meters  were c a l i b r a t e d  by th e  soap bubble method, and
with  t h e  r e s p e c t i v e  gases f lowing th rough them. The vacuum meter  was
c a l i b r a t e d  from 0-280 cc/min drawing a i r .
The combined methane-argon flow r a t e  going i n t o  t h e  body of the  
a tom ize r  ranged from 200 cc/min t o  more than  a 1 i t e r / m i n ;  t h e  h ighe r  
f low r a t e s  were used t o  purge t h e  second a to m iz e r ,  e s p e c i a l l y  between 
samples .
The c a l i b r a t i o n  of  t h e  argon f lowing th rough  th e  tube  ranged up t o
ca .  140 cc /min .  Flow r a t e  s t u d i e s  showed th e  optimum t o  be near  110
cc /m in .
During th e s e  s t u d i e s  two methods f o r  me te r ing  th e  a tom ize r  gases 
were used .  The f i r s t  u t i l i z e d  a diaphragm vacuum pump t o  draw t h e  i n e r t  
gases  th rough  t h e  a to m iz e r .  The argon f lowing th rough  t h e  a na lyz ing  
s e c t i o n s  was s u p p l i e d  excess  a t  t h e  i n j e c t i o n  p o r t .  A metered amount 
was drawn i n t o  t h e  system while  th e  r e s t  p reven ted  a i r  e n t r a in m e n t .  To 
i n s u r e  p rope r  argon flow r a t e s  going th rough t h e  ana lyz ing  tubes  th e  
supply  of excess  argon was provided  us ing  a "T", a t  t h e  gas e n t r a n c e  to
t h e  a tom ize r  body, and th e  i n j e c t i o n  p o r t  was c lo sed  a f t e r  sample 
i n t r o d u c t i o n .
The argon/methane mix ture  did not  so lve  t h e  problem of  t h e  
fo rmat ion  of  molybdenum b lue  In s id e  t h e  a t o m iz e r .  This was a t t r i b u t e d  
t o  t h e  presence  of oxygen,  and r e s u l t e d  in t h e  d e t e r i o r a t i o n  of  t h e  
a to m iz e r .  I t  was very d i f f i c u l t  t o  p reven t  a i r  leaks  th rough c racks  in 
t h e  a tom ize r  and poor a i r  s e a l s .
Using a vacuum system exhaus ted  a l l  gases  th rough t h e  back of  th e  
a to m iza t io n  s e c t i o n .  This du lu ted  t h e  atom p o p u la t io n  in th e  o p t i c a l  
l i g h t  path and reduced s e n s i t i v i t y .
The a tom ize r  gases were subsequen t ly  d i r e c t l y  in t roduced  under 
p o s i t i v e  p r e s s u re  from th e  f low meters .  This  second system e l im i n a te d  
th e  n e c e s s i t y  of making th e  a tomize r  housing a i r  t i g h t .
The format ion  of  molybdenum blue  was s t i l l  n o t i c e d  on o c ca s io n .
The oxygen leaks  were t r a c e d  t o  th e  sea l  a t  t h e  top  e l e c t r o d e .  The 
second two- s t a g e  a t o m iz e r ,  though much b e t t e r  a t  e l i m i n a t i n g  t h e  a i r  
l e a k s .  A s t i l l  t i g h t e r  f i t t i n g  t e f l o n  p ie c e  a t  th e  top  e l e c t r o d e  of  
t h i s  a tom ize r  may improve th e  s i t u a t i o n  even f u r t h e r .  However, such a 
p ie ce  was not a v a i l a b l e  a t  t h a t  t im e .
One of  t h e  two most im por tan t  param ete rs  in  th e  o p e r a t i o n  of  t h i s  
system a f f e c t i n g  s ig n a l  r e s o l u t i o n  was t h e  flow r a t e  of  th e  argon going 
th rough t h e  ana lyz ing  t u b e s .  This e n t r a i n e d  evo lved  gases from th e  
hea ted  sample i n t o  th e  a to m iz a t io n  s e c t i o n .  The o t h e r  paramete r  was the  
h e a t in g  r a t e ,  which i s  l a t e r  d i s c u s s e d .
Lead c h l o r i d e  was used t o  observe t h e  e f f e c t  t h a t  th e  flow r a t e  had 
on th e  a b s o r p t i o n  s i g n a l .  The r e s u l t s  o b ta in e d  on two d i f f e r e n t  
occas ions  a re  shown in  f i g u r e s  25 and 26. I t  i s  im por tan t  t o  p o in t  out
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Figure 2 5
E f f e c t  o f  t h e  Flow Rate o f  t h e  C a r r i e r  Gas on th e  Lead Ch lo r ide  
Absorp t ion  Signal  Using th e  Two-Stage Atomizer .  At i n c r e a s e d  
f low r a t e  b e t t e r  r e s o l u t i o n  and f i n e  s t r u c t u r e  were observed .
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Figure 2 6
F u r th e r  da ta  on t h e  e f f e c t  of  f low r a t e  on the  Absorpt ion  Signal  
Using th e  Two-Stage Atomizer .  (Lead C h lo r i d e ) .  This  diagram 
p r i m a r i l y  shows th e  im p o r ta n t  dependency o f  the  low tem pera tu re  
peak on t h e  f low r a t e .
t h a t  p rev ious  f low r a t e  o p t i m iz a t io n  s t u d i e s  had r e s u l t e d  1n s e r io u s  
lack of  r e p r o d u c i b i l i t y .  L a t e r  s t u d i e s  showed t h a t  th e  d i s t a n c e  between 
t h e  ana lyz ing  s e c t i o n s  was c r i t i c a l  f o r  r e p r o d u c i b i l i t y .  The most 
im por tan t  f e a t u r e  shown in  t h e s e  f i g u r e s  i s  t h e  appearance  of  a low 
te m p era tu re  s ig n a l  with  In c re a s e d  flow r a t e s .
T y p i c a l l y ,  th e  molybdenum p ie c e  was al lowed  t o  cool down from white  
hea t  f o r  about  20-30 minu tes .
One can c l e a r l y  observe t h e  d i f f e r e n t  shapes of  t h e  a b s o rp t io n  
s i g n a l s  as th e  flow r a t e  was In c reased  from f i g u r e  25. Higher flow 
r a t e s  than  130 cc/min could not be p r e c i s e l y  measured with  t h e  ro tom eter  
used and were t h e r e f o r e  not t r i e d .
The r e s u l t s  observed  in  f i g u r e  25 were a t  f i r s t  s u r p r i s i n g .  The 
high l i n e a r  flow r a t e s  invo lved  im plied  s h o r t  r e s id e n c e  t imes in th e  
a tom iza t ion  p i e c e ,  where a to m iza t io n  and a b s o rp t io n  took p l a c e .  F igure 
26 shows s i m i l a r  r e s u l t s  ob ta ined  once th e  d e t e c t i o n  system had been 
f u r t h e r  op t im ized .  D i s s i m i l a r i t i e s  observed between th e  r e s u l t s  from 
th e s e  two f i g u r e s  were a t  f i r s t  thought t o  be l a r g e l y  due t o  genera l  
i r r e p r o d u c i b i l i t y  problems of th e  system.  F u r th e r  s t u d i e s  l a t e r  
r evea led  t h a t  indeed  t h e r e  was a r e p r o d u c i b i l i t y  f a c t o r  invo lved ,  but 
a l s o  showed t h a t  t h e s e  s i g n a l s  were due,  in p a r t ,  t o  sample s e c t i o n .
The most im por tan t  r e s u l t  was th e  emergence of  a sharp  s igna l  a t  
low te m pera tu re s  as t h e  c a r r i e r  gas flow r a t e  was i n c r e a s e d ;  high flow 
r a t e s  were subsequen t ly  used th roughou t  th e  s t u d i e s .
(3) Heat ing r a t e :  The second im por tan t  param ete r  f o r  th e
optimal r e s o l u t i o n  of  t h e  observed s i g n a l s  was th e  h e a t in g  r a t e .  As 
exp la ined  in  t h e  Experimental  s e c t i o n ,  h e a t in g  t im es  f o r  t h e  h e a t in g  
cy c le s  were used t o  d e s c r ib e  how f a s t  th e  sample was h ea ted .
Using a f i x e d  f low r a t e  t h e  e f f e c t  of  changing t h e  h e a t in g  t ime was 
observed  and th e  r e s u l t s  a r e  shown in  f i g u r e  27. What was sought  was a 
h e a t in g  t ime which would al low re a s o n a b le  r e s o l u t i o n  f o r  s p e c i a t i o n ,  
t r y i n g  t o  avoid p o s s i b l e  o v e r l a p  of  t h e  s i g n a l s  f o r  t h e  sample,  thus  
minimiz ing  s ig n a l  b roaden ing .  I t  was found t h a t  t h e  optimum he a t in g  
t ime was about 5 1/2 m inu tes .  F a s t e r  h e a t in g  r a t e s  caused t e m p e ra tu r e  
measurement problems because of  a t ime lag  between t h e  moment t h e  power 
was a p p l i e d  and th e  ac tu a l  h e a t in g  of th e  component; t h e  thermocouple 
used t o  moni to r  t h e  v a p o r i z a t i o n  s e c t i o n  t e m p era tu re  a l s o  e x h i b i t e d  a 
t ime l a g .
All of t h e s e  sample i n t r o d u c t i o n s  were done w hi le  t h e  a tom iza t ion  
s e c t i o n  was a t  o p e ra t in g  te m p e ra tu r e s  which hea ted  th e  v a p o r i z a t i o n  
t u b e ,  by conduct ion  t o  about 200-300°C.
(4) Temperature measurement and c a l i b r a t i o n :  t h e  t e m p era tu re
was measured with  a chromel-alumel thermocouple p laced  j u s t  above th e  
ana lyz ing  molybdenum tube  (body-TC). The ac tu a l  t e m p e ra tu r e  a t  which 
v o l a t i l i z a t i o n  occured was d i f f i c u l t  t o  measure.  There e x i s t e d  a t ime 
de lay  between v a p o r i z a t i o n  and th e  a b s o r p t i o n  s i g n a l .  Proper  
c a l i b r a t i o n  was re q u i r e d  f o r  good r e p r o d u c i b i l i t y .
( i ) Optica l  pyrometer .  Normally,  t h e  body-TC would hea t  
up t o  800-900°C, f o r  e q u i v a l e n t  v a p o r i z a t i o n  t e m p e ra tu r e s  of  up t o  2300- 
2400°C. A range of about  50-300°C, used with  mercury compounds proved 
u n s a t i s f a c t o r y .  I t  was d i f f i c u l t  t o  c a l i b r a t e  a c c u r a t e l y  obove 1200°C 
even with  t h e  use of an o p t i c a l  pyrometer .
F igure  28 shows a d i f f e r e n t  problem which was a s s o c i a t e d  with  
changing th e  measuring s c a l e  of t h e  pyrometer  from high t o  e x t r a  h igh .
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Figure 2 7
E f f e c t  o f  t h e  Heating Rate on th e  A bsorp t ion  Signal  Observed with  
t h e  Two-Stage Atomizer.  (Lead C h lo r i d e ) .  The 5 1/2 minute 
c y l c e  was p r e f e r e d  because th e  s i g n a l s  were sharp  and the  h ea t ing  
t ime was p r a c t i c a l .
D9D
Not knowing which t e m p e ra tu re  curve was t h e  c o r r e c t  one made i t  
nece ssa ry  t o  c a l i b r a t e  th e  o p t i c a l  pyrometer .  Several  a l t e r n a t i v e s  were 
p o s s i b l e ,  but  not  many were a v a i l a b l e  e s p e c i a l l y  when em1s s i v i t 1es  of 
t h e  p o t e n t i a l  s t a n d a rd s  were taken  i n t o  c o n s i d e r a t i o n .  The main 
d i f f i c u l t y  then  was t o  o b ta in  two,  o r  more s t a n d a rd  c a l i b r a t e d  sources  
a t  r e l a t i v e l y  high t e m p e r a t u r e s .
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Figure 2 8
Tempera ture  read ings  of  th e  body thermocouple and t h e  o p t i c a l  
pyrometer .  Not d i f f e r e n t  read ings  on o p t i c a l  pyrometer  us ing  d i f f e r e n t  
s c a l e s .  This  e r r o r  was e l im i n a t e d  by c a l i b r a t i o n .
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The most conven ien t  c a l i b r a t i o n  approach was t o  use an e l e c t r i c a l  
lamp. The 115 V, 40 W lamp o p e ra t e s  a t  a t e m p e ra tu re  of  2750°K. This 
datum was i n s u f f i c i e n t ,  however,  and an e l e c t r i c a l  power versus  lamp 
t e m p e ra tu re  i s  t h e  ide a l  i n f o r m a t io n .  As a r e s u l t  of cor respondence  
w ith  General E l e c t r i c  Co. t h e  fo l lo w in g  equa t ion  was s u p p l ie d  by them 
en ab l in g  us t o  e s t a b l i s h  a t e m p e ra tu re  versus  vo l t a g e  p l o t :
2.7 l o g t t j / t j j )  = l o g ^ / v ^ ,
where t j  and t Q a r e  in °K, and v^ and vQ a re  vol tages*®^.
F igu re  29 shows a p l o t  of  th e  t e m p e r a t u r e s ,  measured and c o r r e c t e d ,  
which r e s u l t e d  from a d j u s t i n g  th e  i n s t r u m e n t ' s  s c a l e  t o  read t h e  
c a l c u l a t e d  2000°K, i n s t e a d  of th e  observed 1800°K. No c o r r e c t i o n  f o r  
t h e  tu n g s te n  e m i s s i v i t i e s  were i n c lu d e d ,  amounting t o  about  25°C a t  
1800°C.
( i i )  Thermocouple.  The lower t e m p e ra tu r e s  measured by 
t h e  body-TC a l s o  needed t o  be c a l i b r a t e d .  This was accomplished by 
c o r r e l a t i n g  t h e  measurements with  th o s e  with  a n o th e r  chromel-alumel 
thermocouple p laced  i n s i d e  th e  v a p o r i z a t i o n  t u b e .  This  o th e r  
thermocouple was compared t o  t h e  t u b e - p r o t e c t e d  thermocouple  of  th e  
department g l a s s b l o w e r ' s  commercial a n n ea l in g  oven. D i f f e r e n c e s  in  
measurements i n c r e a s e d  with  t e m p e ra tu re  but  were l e s s  than  3% a t  
600°C.
A new te m p e ra tu re  c a l i b r a t i o n  curve  was needed each t ime t h e  
i n t e r i o r  components were reassembled because t h e  h e a t in g  c h a r a c t e r i s t i c s  
o f  th e  v a p o r i z a t i o n  tube  were not  always th e  same f o r  each assembly .  The 
body-TC could only be r e p o s i t i o n e d  over  t h e  metal tube  where i t  got th e
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Figure  2 9
C a l i b r a t i o n  o f  th e  O pt ica l  Pyrometer  w i th  a Standard  Source.  
The s t a n d a rd  source  was a 40 W ( c l e a r )  e l e c t r i c  bu lb .  Observed 
r e a d i n g s  were connected t o  th e  c a l c u l a t e d  r e a d i n g s .
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h o t t e s t  (by v i s u a l  i n s p e c t i o n )  with  t h e  second a tom ize r  d e s ig n .  With 
t h e  f i r s t  a to m iz e r ,  i t  was d i f f i c u l t  t o  p rede te rm ine  where t h e  body-TC 
needed t o  be s in c e  once th e  assembly of  t h e  components was complete one 
was unable  t o  observe  t h e  I n s i d e .  (Using th e  second a to m iz e r ,  i t  was 
n o t i c e d  t h a t  a f t e r  a few h e a t in g  cyc le s  t h e  thermocouple needed t o  be 
c leaned  from accumulated d e p o s i t s . )
A f t e r  o b ta in in g  severa l  t e m pera tu re  measurements in both th e  low 
and h ighe r  ranges a working curve could then  be c o n s t r u c t e d ,  (see f i g u r e  
30) and subsequen t ly  used t o  a s s ig n  te m p era tu re s  t o  t h e  observed 
a b s o r p t i o n  s i g n a l s  o b ta in ed  with  t h a t  p a r t i c u l a r  assembly .
Proper  i n j e c t i o n  of  t h e  sample was a l s o  ex t remely  im por tan t  in 
o rde r  t o  minimize t e m p era tu re  measurement u n c e r t a i n t i e s  (d i s c u s s e d  
l a t e r ) .
*  Example o f  a C a l i b r a t e d  Working Tempera ture Curve
Showing thermocouple tem pera tu re  and ^
' 6 0 0  a c t u a l  tube  te m pera tu re .  ^
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(5)  D is tance  between ana lyz ing  s e c t i o n s :  norm al ly ,  t h i s
d i s t a n c e  was about  1 /4 " ,  or  more,  and when i t  was reduced t o  about  1/8" 
a s i g n i f i c a n t l y  d i f f e r e n t  a b s o rp t io n  t r a c e  was observed ,  as d e p i c te d  in 
f i g u r e  31b.
The r e s u l t s  sugges ted  t h a t  a p a r t i a l  condensa t ion  of  t h e  gases  
emanating from th e  hea ted  sample was occur ing  w i th in  t h e  carbon p ie ce  
and between th e  molybdenum s e c t i o n s .  The t e m pera tu re  of th e  carbon 
c e n t e r  e l e c t r o d e  in  t h i s  reg ion  was not as high as t h a t  of  t h e  
v a p o r i z a t i o n  t u b e .  When t h i s  l a t t e r  p iece  was not e l e c t r i c a l l y  h ea ted ,  
t h e  former was u s u a l l y  h o t t e r  because of hea t  conduct ion  from th e  hot  
a to m iz a t io n  s e c t i o n .  As th e  v a p o r i z a t i o n  p ie c e  was g r a d u a l ly  hea ted  
t h e r e  was a t e m pera tu re  a t  which they  were th e  same, namely,  about  
400°C. Following t h i s  th e -c a rb o n  p iece  lagged behind .  (The maximum 
te m p e ra tu re  t h a t  t h e  carbon normally a t t a i n e d  was about 600°-700°C.)
Also ,  t h e  t a p e r  on th e  ends of  t h e  molybdenum s e c t i o n s ,  which were 
used in t h e  l a t t e r  p o r t i o n  of  t h e  s t u d i e s ,  were thought  t o  be conducive 
t o  d ec re a s in g  any gas accumula t ion ( p a r t i a l  " backp res su re" )  between 
them.
(b) Procedures  s p e c i f i c  t o  th e  F i r s t  Atomizer.
(1) I n t e r i o r  components: t h e  molybdenum p ie ces  were machined
by th e  Chemistry and Physics  Machine Shop t o  th e  dimensions s p e c i f i e d  in 
t h e  Equipment s e c t i o n ,  one p ie c e  a t  a t im e ,  because v a r i a t i o n s  were 
o f t e n  in t ro d u c e d  dur ing  th e  course  of  t h e  s tu d y .
All t h e  carbon p ie ces  were machined by th e  a u tho r  and were a l s o  
d e s c r ib e d  in  th e  equipment s e c t i o n .  A t t e n t io n  has t o  be drawn t o  t h e  
problems excounte red  when d r i l l i n g  t h e s e  p i e c e s .  In g e n e r a l ,  a l l  
molybdenum p ie ces  were 1/4" in d iam ete r  and i t  was extremely  im por tan t
PbCI2 7 7 0 °
2210 '
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Figure 31
R esu l t s  o b ta in ed  by changing th e  d i s t a n c e  between th e  Molybdenum 
Analyzing S e c t io n .  Decreas ing s e p a r a t i o n  gave more i n t e n s e  s i g n a l s
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t h a t  th e  ho le s  d r i l l e d  in  th e  carbon p ie ces  were e x a c t l y  1/4"  in 
d iam ete r  p ro v id in g  f o r  t i g h t  me ta l -ca rbon  connec t ions  t h e  f i r s t  t im e .  
Se r ious  d i f f i c u l t i e s  were encounte red  stemming from problems with  t h e  
a s s o c i a t e d  equipment t h a t  was used and th e  I n i t i a l  lack  of e x p e r i en ce  in 
t h e i r  o p e r a t i o n .
Examples of  t h e  above d e f i c i e n c e s  in c lu d e  column mounting of  th e  
l a b o r a t o r y ' s  small  l a t h e ' s  head s t o c k ,  as a d r i l l  p r e s s ,  and the  need to  
p r o p e r ly  a l i g n  1t ; t h e r e  was a l s o ,  a b a r e ly  d i s c e r n i b l e  wobble in  t h e  
l a t h e  motor s h a f t  which was l a t e r  c o r r e c t e d ;  a n o th e r  source  of  d r i l l  b i t  
wobble was caused by worn d r i l l  chuck jaws;  a l s o ,  c e n t e r i n g  th e  carbon 
p ie ces  under t h e  d r i l l  p res s  could  only be done by e s t i m a t i o n ,  . . . t h e s e  
sho r tcom ings ,  f o r  th e  most p a r t ,  were e v e n t u a l l y  surmounted.
Thermocouples were in t ro d u ced  in t h e  f i r s t  a tom ize r  when i t  was 
n o t i c e d  t h a t  c o r r e l a t i n g  t e m p e ra tu re  with  t h e  c u r r e n t  being drawn t o  
hea t  th e  system was to o  u n c e r t a in  and i r r e p r o d u c i b l e .  At f i r s t ,  t h e  
t h e rm o c o u p le ' s  t e m p era tu re  range was only 200-300°C on t h e  TC gauge,  and 
cor responded  t o  a maximum tube  t e m p e ra tu re  of 2000°C. This body-TC was 
e v e n t u a l l y  p laced  r i g h t  next  t o  t h e  v a p o r i z a t i o n  p i e c e ,  thus  p rov id ing  
an adequa te  m on i to r ing  t e m p era tu re  range.
The power s u p p l i e d  t o  t h e  a to m iz a t io n  s e c t i o n  was manually 
c o n t r o l l e d  and s e t  t o  a d e s i r e d  a tomiz ing  t e m p e r a t u r e .  The power t o  t h e  
v a p o r i z a t i o n  s e c t i o n  was a l s o  manually c o n t r o l l e d  r a t h e r  than  with  t h e  
motor ized  kymograph-belt  system.
(2) Assembly of  t h e  system: t h e  f i v e  i n t e r i o r  components t o
be assembled and f i t  r a t h e r  p r e c i s e l y  between th e  fo u r  b ras s  e l e c t r o d e s .
The primary c o n s i d e r a t i o n  was th e  a to m iz a t io n  s e c t i o n  and i t s  
o p t i c a l  path  which had to  be a l ig n e d  with  t h e  windows provided  in t h e
a t o m ize r  housing and with  t h e  carbon c e n t e r  e l e c t r o d e .  The l a s t  
mechanical  and e l e c t r i c a l  connec t ion  was made by j o i n i n g  th e  
v a p o r i z a t i o n  tu b e  (a l r e a d y  f i t t e d  i n t o  I t s  carbon suppor t  and i t s  b rass  
e l e c t r o d e )  with  t h e  c e n t e r  e l e c t r o d e ,  once th e  r e s t  of t h e  assembled 
p i e c e s  were p ro p e r ly  f i t t e d  and a l i g n e d .
One of  th e  major drawbacks with  t h e  f i r s t  a tom ize r  was t h a t  t h e r e  
were no viewing windows, so t h a t  once t h e  system was c lo sed  not much 
cou ld  be seen i n s i d e .  Another d i sadvan tage  was th e  d i f f i c u l t y  in  
reac h ing  t h e  i n s i d e  components which made t h e  assembly of t h e  system 
awkward.
(3)  T e s t in g  and c o n d i t i o n i n g :  once a l l  t h e  connec t ions  were 
j o i n e d ,  th e  only way of knowing i f  they  were going t o  be d u ra b le  was to  
a c t u a l l y  hea t  t h e  system.  ’So a f t e r  s u f f i c i e n t  a i r  pu rg in g ,  and having 
t h e  coo l ing  wate r  f low ing ,  t h e  system could  be tu rn ed  on,  and a t  t h e  
same t ime c leaned  up f o r  subsequent  sample a n a l y s e s .
A f i r s t  g lance  i n d i c a t i o n  t h a t  a l l  was w e l l ,  was th e  immediate f low 
of c u r r e n t  when v o l t a g e  was a p p l i e d .  As t h e  system d e t e r i o r a t e d  a 
com para t ive ly  high v o l t ag e  had t o  be a p p l i e d  befo re  any c u r r e n t  would 
f low (p rov id ing  th e  h e a t i n g ) .  Under t h e s e  l a t t e r  c i r c u m s ta n c e s ,  There 
was an u n c o n t r o l l a b l e  and f a i r l y  sudden in c r e a s e  of  t e m p e r a t u r e ,  with  
t h e  thermocouple s igna l  l agg ing  f a r  behind th e  a c tu a l  tu b e  t e m p e ra t u r e .
(4) E qu i l ib r ium  t e m p e ra tu r e -d e p th  p r o f i l e :  i t  was im por tan t  
f o r  good r e p r o d u c i b i l i t y  to  p lace  t h e  samples in  t h e  h o t t e s t  p o r t i o n  of  
th e  v a p o r i z a t i o n  tube  .
Each t ime t h e  i n t e r i o r  components of t h e  a tom ize r  were assembled i t  
was necessary  t o  de te rmine  th e  te m p e ra tu r e -d e p th  p r o f i l e  of  th e  
v a p o r i z a t i o n  t u b e .  This  was accomplished by h e a t in g  th e  tube  t o  a
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Tempera ture-Depth  P r o f i l e  on th e  V ap o r iza t io n  S e c t io n .  The Atomizer 
was on in  each c a s e .  Note a t e m pera tu re  maximum 0 .5  cm from the  
c e n t e r  e l e c t r o d e .
conven ien t  s e t  of  t e m p era tu re s  and a t  each s e t t i n g ,  a l low ing  s u f f i c i e n t  
t ime f o r  t h e  t e m p era tu re  t o  reach e q u i l i b r i u m .  The body-TC read ing  was 
c o r r e l a t e d  with  measurements ob ta ined  with  an o th e r  thermocouple 
in t ro d u ced  i n t o  th e  t u b e ,  a t  va r ious  d e p th s .  A t e m p e ra tu re  p r o f i l e  
along  th e  molybdenum tube  a t  d i f f e r e n t  power s e t t i n g s  ( t e m p e ra tu re s )  i s  
shown in  f i g u r e  32. This p r o f i l e  i n d i c a t e d  t h a t  th e  e v o lu t io n  of  gases 
from th e  sample would be observed a t  d i f f e r e n t  t e m p era tu re s  when th e  
sample was not  in t roduced  a t  th e  same depth each t im e .
Temperatures above 1200°C were measured us ing  t h e  o p t i c a l  pyrometer  
was used by looking down i n t o  th e  v a p o r i z a t i o n  t u b e .  No c o r r e c t i o n  f o r  
d i r e c t i o n a l  emmiss iv i ty  was in c lu d ed .
Another c o n s i d e r a t i o n  to  th e  te m p era tu re s  being measured was t h e  
c o n t r i b u t i o n  from t h e  a tom iza t ion  s e c t i o n ,  which was kept  a t  o p e ra t i n g  
t e m p e r a t u r e s .  The background t e m p era tu re  ranged u n p r e d i c t a b l y ,  from 
about  150° t o  300° C.
i n t r o d u c e  t h e  sample.  A smearing problem occured i f  t h e  s y r in g e  was not 
h e l d ,  and withdrawn, s t e a d i l y  and c o n c e n t r i c a l l y  because a s l i g h t  
s y r in g e  movement caused a l a rg e  need le  t i p  t r a v e l .  This problem was 
a l l e v i a t e d  t o  a l a r g e  e x t e n t  by us ing  a i n j e c t o r  s u p p o r t .  F igu re  33 
shows i t s  shape and th e  s l o t  cut  out on i t s  u n d e r s id e .
(5) Sample i n t r o d u c t i o n :  a long 4 in  need le  was used t o
s ide v i e w front view
F ig u r e  3 3
I n j e c t o r  Support
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Once th e  m i c r o l i t e r  volume of  sample was hanging from th e  t i p  of  
t h e  n e e d le ,  t h e  s y r in g e  was t i l t e d  so as t o  d e p o s i t  t h e  l i q u i d  onto th e  
molybdenum p iece  a t  th e  p redetermined  dep th .  The s y r in g e  was then  
r e tu rn e d  t o  i t s  leve l  p o s i t i o n  and then  slowly and c o n c e n t r i c a l l y  
withdrawn.
(6) Heating c y c l e :  t h e  a tom iza t ion  s e c t i o n  was always heated
f i r s t  t o  1800-2100°C. The sample i n j e c t i o n  was marked on th e  r e c o rd e r  
t r a c i n g  r i g h t  a f t e r  th e  i n j e c t i o n  p o r t  was c l o s e d .  Heat ing of  th e  
v a p o r i z a t i o n  s e c t i o n  was then  s t a r t e d .
At f i r s t ,  t h e  h e a t in g  cy c l e  was c o n t o l l e d  by us ing  t h e  kymograph 
but  soon a f t e r  was changed t o  a manually a d j u s t e d  mode. The procedure 
c o n s i s t e d  in s u f f i c i e n t l y  i n c r e a s i n g  t h e  power so as t o  produce a
d e s i r e d  h e a t in g  r a t e ,  f o r  i n s t a n c e ,  a 50 degree per  90 or  60 s e c .
i n c r e a s e ,  as read from th e  body-TC gauge.  This h e a t in g  r a t e  however, 
did  not  n e c e s s a r i l y  t r a n s l a t e  i n t o  a l i n e a r  t e m p era tu re  ramp.
T h e re fo re ,  t h e  t o t a l  t ime i t  took f o r  t h e  maximum te m p era tu re  t o  be 
reached was used as an i n d i c a t i o n  of  h e a t in g  r a t e  f o r  the  c y c l e .
A he a t in g  r a t e  s tudy in d i c a t e d  t h a t  a r a t e  of  about  50 body-TC 
degrees  every about 20 t o  35 seconds was t h e  optimum (producing a sample 
a n a l y s i s  cyc le  t ime of  about  10 or  more m i n u t e s ) , ,  as de p i c te d  by f i g u r e  
27. These r e l a t i v e l y  f a s t  h e a t in g  r a t e s  of about  200-500°C/min,  
p re s e n te d  a problem in  t h a t  t h e r e  e x i s t e d  a t ime lag  between th e  ac tua l  
t e m p e ra tu re  and t h a t  observed  a t  th e  body-TC. Every 50 degrees  was 
marked on a b s o rp t io n  t r a c e  with  an even t  marker.
A h e a t in g  cyc le  t ime of about 5 1 /2  minutes was used th roughou t  t h e
s t u d i e s  because i t  was adequa te  f o r  p roper  r e s o l u t i o n  of  th e  s i g n a l s .  
This r a t e  amounted t o  a t o t a l  average of about  360°C/min.
(c )  Procedures  s p e c i f i c  t o  t h e  Second Atomizer.
0) Components: a h ig h e r  degree  of  p r e c i s i o n  in  machining th e  
components was re q u i re d  than  t h a t  a c c e p ta b l e  f o r  use 1n t h e  f i r s t  
a to m iz e r .  The reason f o r  t h i s  was t h a t  a l l  fou r  b ra s s  e l e c t r o d e s  were 
des igned  and made so t h a t  they  would i n v a r i a b l y  be p o s i t i o n e d  th e  same 
way each t ime th e  system was assembled.  This was accomplished by 
th r e a d i n g  th e s e  e l e c t r o d e s  t o  f i t  a cor responding  th rea ded  r ing  on th e  
a tom ize r  housing .  The top  e l e c t r o d e  which was s p r in g  lo aded ,  s l i d  
through  a t e f l o n  s l e e v e ,  accompli sh ing  th e  same purpose as t h e  t h r e a d s  
on th e  o t h e r  e l e c t r o d e s .  The problems encounte red  in  th e  p r e p a r a t i o n  
of  t h e s e  p ie c e s  were d e t a i l e d  1n a p rev ious  s e c t i o n  ( I n t e r i o r  Components 
F i r s t  Atomizer) .  Since f u r t h e r  s t a n d a r d i z a t i o n  of  t h e  assembl ing 
p rocedures  were c o n t inuous ly  s o ugh t ,  new d e t a i l s  need t o  be d e s c r ib e d .
In t h e  f i r s t  p l a c e ,  th e  c e n t e r  hole  which needed t o  be d r i l l e d  in 
th e  carbon c e n t e r  e l e c t r o d e  could  now be marked with  g r e a t e r  
s i m p l i c i t y .  The carbon p ie ce  was p ro p e r ly  machined t o  f i t  t h e  top  and 
bottom e l e c t r o d e s  and then  was secured  in  i t s  p l a c e .  The f r o n t  
e l e c t r o d e  was then in t ro d u ced  as f a r  as p o s s i b l e  i n t o  th e  a tom ize r  and a 
1/4" d r i l l  b i t  was s l i d  th rough i t  u n t i l  i t  extended beyond th e  b ras s  
e l e c t r o d e  t o  mark th e  carbon p ie c e .
Secondly,  t h e  hole  in  t h e  carbon c e n t e r  e l e c t r o d e  was u s u a l l y  
d r i l l e d  t o  15/64" t o  ensu re  a t i g h t  f i t .  w ith  th e  1/4" molybdenum 
p i e c e s .  With ca re  i t  was p o s s i b l e  t o  bore t h i s  hole  t o  1/4"  t o  a depth 
of  about  1/8" on each s i d e .  To d r i l l  t h e  carbon p ie ce  t o  1/4" on th e  
second s id e  i t  had t o  be tu rn e d  over  in  th e  d r i l l  p res s  and a l ig n e d  
a g a i n ,  but  t h i s  proved t o  be d i f f i c u l t  a t  t im e s .  In t h e  carbon c e n t e r  
p ie c e s  which connected t o  th e  l a t t e r  t a p e r e d  molybdenum s e c t i o n s ,  th e
93
I n s i d e  d iam ete r  was only 1 /8 " .  This p rovided  a l a r g e r  carbon t o  metal  
c o n t a c t  a rea  and th e  d e t a i l s  a r e  shown 1n th e  l a s t  diagram of f i g u r e  4.
A second thermocouple was used in  t h i s  a tom ize r  t o  measure t h e  
t e m p e ra tu re  o f  t h e  carbon c e n t e r  e l e c t r o d e .  An opening f o r  j u s t  such 
use in  th e  housing had been a n t i c i p a t e d  and t h e r e f o r e  no problems were 
encoun te red  with  t h i s  a d d i t i o n .  Once t h e  w ires  were fed  th rough  th e  
h o l e ,  and p o s i t i o n e d ,  t h e  hole  was s e a l e d  with  s i l i c o n e  rubber  s e a l a n t  
which a l s o  he ld  th e  w ires  somewhat r i g i d l y .
One improvement of t h e  second a tom ize r  was th e  a d d i t i o n  of  viewing 
windows. Two s e t s  of  doors  were made one with  windows 1 3 /4"  in  
d ia m e te r  and t h e  o t h e r  s e t ,  with  2 1/4" windows. With each ,  1/8" p l a t e  
g la s s  was used .  U nfo r tuna te ly  t h e s e  cracked  on exposure t o  r a d i a t e d  
h e a t .  To a l l e v i a t e  t h i s  problem a t t e n u a t o r s  were made of  aluminum f o i l  
by c u t t i n g  s l o t s  o u t ,  thus  expos ing  only about  h a l f  of t h e  g l a s s .  
A d d i t i o n a l l y ,  r in g s  of  th e  a p p r o p r i a t e  d iamete r  were cut  out  of a 1/64" 
t h i c k  p o ly e th l e n e  s h e e t  and p laced  between th e  g l a s s  and th e  aluminum 
r e t a i n e r s .
(2) Assembly of  t h e  system: easy access  t o  t h e  i n t e r i o r  made
t h e  t a s k  of assembl ing  t h e  components much e a s i e r ,  as d id  t h e  p ro p e r ly  
a l i g n e d  and th r e a d e d  e l e c t r o d e s .  Although a h ig h e r  degree of  p r e c i s i o n  
was necessa ry  in p re p a r in g  th e  carbon p i e c e s ,  any necessa ry  ad jus tm en ts  
were much s im p le r  t o  perform s in c e  one could  o b s e rv e ,  and r eac h ,  a l l  t h e  
p ie ces  as they  were jo i n e d  t o g e t h e r .
The sequence used was f i r s t  t o  j o i n  t h e  a to m iz a t io n  s e c t i o n  and i t s  
carbon s u p p o r t ,  and then p re s s  them t o g e t h e r .  As a u n i t  they  were 
s u b se q u en t ly  p res sed  i n t o  t h e  carbon c e n t e r  e l e c t r o d e  which was a l r e a d y  
secu red  in  i t s  p o s i t i o n .  By tu r n i n g  t h e  b ras s  e l e c t r o d e  enough p re s s u r e
was a p p l i e d  and could be a t  t h e  same t ime evenly d i s t r i b u t e d  a c ro s s  th e  
b r a s s  t o  carbon t a p e re d  j o i n t .  As t h i s  was done t h e  carbon suppor t  was 
he ld  s t e a d i l y ,  t o  keep i t  from tu r n i n g  whi le  t h e  b ras s  e l e c t r o d e  was 
In t roduced  f u r t h e r .  The v a p o r i z a t i o n  s e c t i o n  was j o i n e d  in  l i k e  
manner.
The I n t r o d u c t i o n  of  t h e  t a p e r e d  connec t ions  c r e a t e d  a new 
problem. As th e  system was hea ted  th e  metal p ie ce s  expanded and 
s o f t e n e d  t o  such an e x t e n t ,  t h a t  when any of  th e  a na lyz ing  s e c t i o n s  was 
cooled down, th e  o th e r  would a u t o m a t i c a l l y  do so as w e l l .  This was due 
t o  t h e  heat  conduction  a f f e c t i n g  both s e c t i o n s .  The t e n s i o n  keeping th e  
con ica l  s u r f a c e s  t o g e t h e r  was r e l i e v e d  by reduc ing th e  t e m p era tu re  of  
t h e  system.  (Cooling c o n t r a c t e d  th e  metal p ie ces  which had a l r e a d y  
s l i g h t l y  shrunk by s o f t e n i n g ,  t o  accomodate t h e  i n i t i a l  thermal 
expansion exper ienced  by th e  sy s tem .)  As a consequence of  l o s in g  the  
e l e c t r i c a l  c o n ta c t  th e  a tom ize r  had t o  be opened each t im e ,  mainly t o  
hold t h e  o p t i c a l  path on th e  molybdenum p iece  s teady  and keeping i t  from 
t u r n i n g  while  th e  brass  e l e c t r o d e  was t i g h t e n e d  ag a in .
The se tback  s u f f e r e d  from th e  t a p e re d  p i e c e s ,  could only be 
overcome by making th e  connec t ions  d i r r e c t l y .  The f i r s t  a t tem pt  t o  do 
t h i s  c o n s i s t e d  of  ho ld ing  t h e  carbon suppor ts  with  c l a m p - l ik e  c o l l a r s  
around them. F igure  34 shows a diagram of t h e  p ie ces  invo lved .  The 
a t tem p t  was not very s u cces s fu l  because t h e  c o l l a r s  were not 
s u f f i c i e n t l y  c o n c e n t r i c  so t h a t  once ev e ry th in g  was t i g h t e n e d ,  h e a t in g  
c r e a t e d  hot  spo ts  on th e  c o l l a r  i n d i c a t i n g  t h a t  a l a r g e  p o r t i o n  of t h e  
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Fi gure  3 4
Exploded view of  t h e  e l e c t r o d e s .  Note th e  c o l l a r s  which a t t a c h e d  t o
th e  b ras s  e l e c t r o d e s .
An a l t e r n a t i v e  approach was t o  use 0.1 inch t h i c k  r in g s  made t o  f i t  
on t h e  ends of  t h e  b ras s  e l e c t r o d e s ,  f a s t e n e d  with  s e v e ra l  screws t o  t h e  
th re a d e d  hole s  a l re ad y  provided  on th e  e l e c t r o d e s .  Then th e  carbon 
s u p p o r t s  were p re s s e d  i n t o  th e  r in g  and a g a i n s t  th e  t a p e r  of t h e  b ra s s  
e l e c t r o d e ,  which as a r e s u l t ,  held  t h e  two p ie ces  f i x e d  and provided  
a d d i t i o n a l  e l e c t r i c a l  c o n ta c t  a r e a .  Only a f t e r  complet ing th e  
a ssembl ing  sequence d e s c r ib e d  p r e v io u s l y  were th e s e  c o n t a c t  r in g s  f u l l y  
f a s t e n e d .
th e  connec t ions  were t e s t e d .  I f  on app ly ing  v o l t ag e  t h e  c u r r e n t  
immedia tely f lowed then  a l l  was ready and t h e  thermocouples  would then 
be s e c u re d ,  t h e  a tom ize r  c l o s e d ,  and purged with  a rgon .
Before in t ro d u c in g  any sample t h e  system was c leaned  up by h e a t in g  
one s e c t i o n  a t  a t im e ,  and w a i t in g  u n t i l  t h e  s ig n a l  r e tu rn e d  t o  
b a s e l i n e .
(3)  T es t in g  and c o n d i t i o n i n g :  once t h e  system was assembled
(4) Equ i l ib r ium  te m p e ra tu r e -d e p th  p r o f i l e :  t h e  same
procedures  used with  t h e  f i r s t  a tom ize r  were fol lowed  ( r e f e r  t o  t h e  
co r respond ing  s e c t i o n ,  b - ( 4 ) ) .
(5)  Sample i n t r o d u c t i o n :  t h e  main concern about  in t ro d u c in g  
th e  sample was t h e  depth a t  which i t  had t o  be p la c e d .  In t h i s  a tom ize r  
t h i s  d i s t a n c e  was s l i g h t l y  l a r g e r  than  b e f o r e .  The i n s i d e  d iam ete r  of 
t h e  t e f l o n  I n j e c t i o n  p iece  was en la rg ed  and d r i l l e d  t o  t h e  adequa te  
d e p th ,  so t h a t  th e  s y r in g e  could be in t ro d u ced  deeply  enough t o  reach 
th e  p roper  p la ce  where t h e  sample had t o  go.
The i n t r o d u c t i o n  of  th e  f i l t e r  paper d i s c s  t o  t h e  c o r r e c t  depth was 
ach ieved  by us ing  a l eng th  of  g la s s  t u b i n g ;  a l s o  a nichrome wire  served  
as th e  p lunger  t o  d e l i v e r  t h e  sample which had p a r t i a l l y  been f i t t e d  
i n t o  t h e  t u b e .
(6 ) Heating c y c l e :  t h e  p rocedure  f o r  h e a t in g  th e  system up, 
measuring t h e  h e a t in g  r a t e  as well as marking th e  a b s o rp t io n  t r a c e  every 
50 d e g re e s ,  was t h e  same as was used with  th e  f i r s t  a to m iz e r .  However, 
coo l ing  th e  system down could  not  be c o n t r o l l e d  when us ing  th e  t a p e r e d  
connec t ions  ( r e f e r  t o  t h e  above s e c t i o n  (2 ) ) .
2C, 5. A ir  sampling
(a)  Sample c o l l e c t i o n :  t h e  sampling s i t e  was t h e  roof  of  the
t h i r d  f l o o r  a d m i n i s t r a t i o n  o f f i c e s .
The pump was l e f t  i n s i d e  th e  ha l l  so t h a t  no r a in  would f a l l  on i t ,  
s i n c e  sampling was going t o  be run u n i n t e r r u p t e d l y .  The a i r  was drawn 
a t  t h e  r a t e  of  3-5 Jt/min th rough th e  Gelman g l a s s  f i b e r  f i l t e r  paper 
which had been cu t  t o  f i t  t h e  f i l t e r  h o l d e r .  The f low meter  and th e
Gelman h o lde r  were mounted a fo o t  above th e  roof  s u r f a c e ,  and were 
covered t o  p reven t  ar*y d i r e c t  r a in  from f a l l i n g  on them.
(b) Sample a n a l y s i s :  i t  was found t h a t  1/4"  d iam ete r  d i s c s
were s u f f i c i e n t  In s i z e  f o r  a n a l y s i s  In t h e  double s t a g e  a to m iz e r .
These were punched out  from around t h e  c e n t e r  of  t h e  f i l t e r  because t h i s  
l a t t e r  p o r t i o n  appea red ,  by i n s p e c t i o n  t o  have more sample accumulated 
t h e r e .  This was not s u r p r i s i n g  c o n s id e r in g  t h e  des ign of  the  f i l t e r  
h o ld e r .
When th e  f i l t e r  d i s c s  were in t ro d u ced  in t o  th e  a tom ize r  t h e
i n j e c t i o n  p o r t  was opened and p a r t  of  t h e  argon f lowing i n t o  t h e
a tom ize r  body came out th rough t h e  ana lyz ing  tubes  pushing t h e  f i l t e r  
d i s c  back o u t .  T h e re fo re ,  t o  s u c c e s s f u l l y  i n t r o d u c e  t h e  f i l t e r  paper 
sample t h e  argon/methane m ix ture  was t e m p o ra r i l y  s topped  u n t i l  t h e  
i n j e c t i o n  p o r t  was c losed  up ag a in .
2C,6.  Thermal a n a l y s i s :  TGA.
TGA curves  were used t o  i d e n t i f y  i n t e r m e d i a t e  and end produc ts  
r e s u l t i n g  from t h e  thermal decomposit ion of th e  metal s a l t s  in  an i n e r t
atmosphere .  The primary reason f o r  under tak ing  th e s e  an a ly se s  was due
t o  th e  vary ing  r e s u l t s  r ep o r te d  in l i t e r a t u r e  r ega rd ing  th e  thermal 
d e g ra d a t io n  c h a r a c t e r i s t i c s  of  s eve ra l  compounds. These d i s p a r i t i e s  
have been found t o  be a f u n c t io n  of  many p a ra m e te r s ,  a few of which 
in c lu d e  t h e  gas atmospheres  being used dur ing  th e  p r o c e s s e s ,  th e  
i n s t r u m e n t a t i o n ' s  fu rnace  d e s ig n s ;  t h e  source  of t h e  compounds a l s o  p lay 
an im por tan t  r o l e ,  depending on t h e  absorbed  or  occluded  components i f  
t h e  a n a l y t e s  were p r e c i p i t a t e d  from s o l u t i o n ;  t h e  i n i t i a l  amount of  
w a te r  con ta ined  w i th in  t h e  sample was a l s o  found t o  a f f e c t  t h e  thermal
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c u rv e s .
The TGA Ins t rum en t  was ope ra ted  fo l low ing  normal p rocedures  but 
could not be used f o r  q u a n t i t a t i v e l y  measuring decomposit ion p ro d u c t s .  
The problem was n o t i c e d  when calcium o x a l a t e  monohydrate s t a n d a rd s  were 
ana lyzed  and the  b a s e l i n e  was not  t h e  same a t  t h e  beginning  and a f t e r  
t h e  h e a t in g  c y c l e .
In an a t tem pt  t o  f i n d  e m p i r i c a l l y ,  a b a s e l i n e  d r i f t  c o r r e c t i o n  
f a c t o r  s eve ra l  o t h e r  s a l t s  were used.  No such f a c t o r s  could be found by 
us ing  ca lc ium c a r b o n a te ,  sodium o x a l a t e  and copper s u l f a t e  
p e n t a h y d r a t e .  Consequen t ly ,  only q u a l i t a t i v e  in fo rm at ion  could be drawn 
from the  cu rves ,  i . e .  t h e  t e m p era tu re s  a t  which th e  sample underwent 
p ro c e s s e s  in v o lv in g  weight  l o s s ,  and t h e r e f o r e ,  pa ramete rs  such as 
h e a t in g  r a t e  and purge g a s ' f lo w  r a t e  were not  s t r i n g e n t l y  c o n t r o l l e d .
3 . RESULTS AND DISCUSSION.
All samples ana lyzed  with  t h e  TGA were s o l i d  -  fo l lo w in g  normal 
o p e r a t i n g  procedures  with  t h i s  t e c h n i q u e .  The maximum te m pera tu re  
o b ta in e d  was 1000°C. Because of  t h e  high s e n s i t i v i t i e s  of  th e  AAS 
systems a l l  t h e  da ta  o b ta in e d  with  t h e  tw o - s ta g e  a tom ize r  and th e  PE*403
i
u n i t  u t i l i z e d  d i l u t e  l i q u i d  samples.  This enabled  samples t o  be 
examined w i th in  th e  c o n c e n t r a t i o n  range of  th e  i n s t ru m e n t .
The major t h r u s t  of  t h i s  work was t o  de termine  th e  c a p a b i l i t i e s  of  
t h e  tw o -s ta g e  a tom ize r  as an a n a l y t i c a l  i n s t r u m e n t ,  as  well as  i t s  
p o t e n t i a l  f o r  metal s p e c i a t i o n .  The da ta  t h a t  would be ob ta ined  with 
t h e  PE system and th e  TGA were t o  be used t o  e s t a b l i s h  a c o r r e l a t i o n  
between t h e  t e c h n i q u e s .
The f i e l d  of  the rmal  a n a l y s i s ,  as r e p o r te d  in  the  l i t e r a t u r e ,  
e x h i b i t s  a number of d i s c r e p a n c i e s  and an a t tem pt  t o  s e t t l e  some of 
t h e s e  d i f f e r e n c e s  was not sought  in  t h i s  work. Consequent ly ,  the  
i d e n t i f i c a t i o n  of each s igna l  observed  us ing  th e  tw o -s tag e  a tom ize r  was 
t h e r e f o r e  a d i f f i c u l t  and t ime consuming t a s k .  In t h i s  s tudy we d id  not 
a t tem pt  t o  v e r i f y  t h e  i n t e r p r e t a t i o n s  p r e s e n te d  here  s in c e  t h a t  would 
invo lve  sev e ra l  y e a r s  work.
3A. S tandard  S o l u t i o n s .
3A.1 Lead Compounds.
(a)  A c e t a t e .
(1) TGA: t h e  curve o b ta in e d  f o r  14 mg of t h i s  compound showed 
a somewhat gradual  decompositon occur ing  below 400°C. F igure  35 a l s o  
shows th e  sample r e s id u e  beg inn ing  t o  v o l a t i l i z e  a t  930°C.
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Figure 3 5
Lead A c e t a t e ,  3 yJl 500 ppm. ( a )  TGA; (b)  Two-Stage Atomizer.  
Low te m pera tu re  s i g n a l s  were o b ta in ed  a t  480,  700. The peak a t  
1500° co r responded  t o  PbO ( s ee  f i g u r e  42 ) .
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used f o r  t h e  a n a l y s i s .  The a b s o r p t i o n  t r a c e  1n f i g u r e  36 e x h i b i t e d  a 
prominent  s ig n a l  a t  1500°C and a l s o  two s m a l l e r  ones a t  480° and 700°C.
(3)  D is c u s s io n :  1 t  was observed  t h a t  t h e  s o l i d  r e s id u e  l e f t
in  t h e  TGA a t  700°C was ye l low  and t h e r e f o r e  was probab ly  t o  be t h e  
monoxide.  The a b s o r p t i o n  t r a c e  o f  t h e  AAS system a l s o  c o in c id ed  with  
t h a t  of  th e  ox ide .
(b) Carbona te .
(1) TGA: t h e  TGA curve shown in  f i g u r e  36 1s t h a t  of  a 
ca rbona te  sample of  4 mg. Decomposit ion began a t  290°C and showed t o  
reach complet ion a t  400°C. At 950°C v o l a t i l i z a t i o n  of  th e  r e s id u e  was 
a l s o  observed  t o  begin and a t  1000°C t h e  p rocess  was s t i l l  t a k i n g  p l a c e .
(2) PE g r a p h i t e  f u r n a c e :  f i g u r e  36 a l s o  shows t h e  a b s o rp t io n  
t r a c e  o b ta in e d  with  t h i s  i n s t r u m e n t .  The curve  shows one s igna l  which 
was observed a t  860°C, a t  fu rnace  f i r i n g  number 108.
(3) D is c u s s io n :  The TGA process  l e f t  an orange-brown r e s id u e
a t  400°C and a ye l low  compound a t  about  700°C. F u r t h e r  v o l a t i l i z a t i o n
of t h e  sample above 900°C was s i m i l a r  t o  t h a t  observed  with  t h e  a c e t a t e  
r e s i d u e ,  and was l a t e r  a s c r i b e d  t o  t h e  s u b l im a t io n  of t h e  ox ide .
The t e m p e ra tu r e  observed  f o r  t h e  ca rb o n a te  (sample)  us ing  th e  PE 
system was lower than  t h a t  a n t i c i p a t e d  (because  of  t h e  decomposi t ion of  
t h e  ca rbona te  t o  t h e  o x id e )  This  was due t o  t h e  c o n d i t io n  of  th e  carbon 
fu rn ace  and i t s  e f f e c t  on s ig n a l  t e m p e ra tu r e s  ( r e f e r  t o  t h e  Procedures  
In t h e  Experimental  s e c t i o n ) .
(c )  C h lo r i d e .
(1) TGA: a sample of  about  2 mg began t o  v o l a t i l i z e  a t
550°C. F igure  37 shows how almost  a l l  t h e  sample had e s s e n t i a l l y  












Lead Carbona te ,  3 ufc S a td .  s o l u t i o n ,  (a)  TGA; (b)  PE-HGA.
The TGA curve i n d i c a t e d  a low tem p era tu re  decomposi t ion a t  400°C 
No comparable peak was observed on th e  PE a to m ize r  which cannot  
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Figure 3 7
Lead C h lo r id e ,  (a)  TGA; (b) PE-HGA; (c)  Two-Stage Atomizer.  
Using the  tw o-s tage  a to m ize r  showed two prominent  s i g n a l s  occur ing  
a t  310° and 1500°. Only one could be observed  w i th  th e  PE system 
because o f  i t s  i n a b i l i t y  to  atomize any s p e c i e s  a t  low t e m p e ra tu r e s .  
The s ig n a l  a t  310° i s  b e l i e v e d  to  be due to  the  le ad  c h l o r i d e .  That  
a t  1500° t o  the  ox ide .
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(2)  Two-stage a to m ize r :  t h e  t e m p e r a t u r e - a b s o r p t io n  curve of  2
lit o f  500 ppm of t h i s  compound i s  shown in f i g u r e  37. This  curve  shows
two prominent  s i g n a l s  o c c u r r i n g  a t  310° and 1500°C. There a l s o  was a
much s m a l l e r  peak,  l i k e  a s h o u ld e r ,  which was observed a t  about 700°C.
(3)  PE g r a p h i t e  f u rn a c e :  f i g u r e  37 a l s o  shows th e  r e s u l t s  
ob ta ined  by using 6 y t  of 10 ppm. The peak i s  observed  a t  1120°C a t  a 
h e a t in g  cyc le  number 31 with  t h a t  g r a p h i t e  t u b e .
(4) D iscu ss io n :  th e  v i sua l  In s p e c t io n  of t h e  TGA's sample
boat  a t  t h e  end of th e  h e a t in g  cyc le  i n d i c a t e d  t h a t  a l l  t h e  samples had 
v o l a t i l i z e d .  As a consequence,  i t  was thought t h a t  th e  peak observed a t  
310°C us ing  th e  tw o-s tage  a tom ize r  was t h a t  of t h e  lead  i s  the  c h l o r i d e  
m olecu le .  The high c a r r i e r  gas flow r a t e s  used with  t h i s  l a t t e r  system 
i s  be l iev ed  t o  have enhanced t h e  v o l a t i l i t y  of t h e  h a l i d e  t o  some 
e x t e n t .  In a d d i t i o n ,  th e  recorded  t e m p e ra tu re  i s  most l i k e l y  lower than  
t h e  a c tu a l  t e m p e r a t u r e ,  because of  t h e  f a s t  h e a t in g  r a t e  used ( r e f e r  t o
th e  t e m p era tu re  c a l i b r a t i o n  of th e  system d i s c u s s e d  in t h e  Experimental
s e c t i o n ) .
Also ,  work r e p o r te d  by Yasua and Kakiyama86 confi rms t h i s  
i n t e r p r e t a t i o n .  They observed  t h a t  t h e  h a l i d e s  began v o l a t i l i z i n g  a t  
t e m p e ra tu r e s  ranging between 320-450°C, depending on th e  h a l i d e .
Using a TGA, Duval r e p o r te d  weight  l o s s  of th e  compound beginning  
a t  528°C, and a t  946° he found both some c h l o r i d e  and oxide r e s i d u e s . * 8®
The s igna l  observed a t  1500°C with  th e  two s t a g e  a tom ize r  was 
h ig h e r  than  th e  co r respond ing  peak us ing  th e  PE g r a p h i t e  fu rn a c e .  These 
two s i g n a l s  were probably  due t o  t h e  same s p e c i e s ,  such as t h e  ox ide .
The reducing  environment e x i s t i n g  in t h e  carbon fu rnace  may account  f o r  
t h e  lower te m pera tu re  observed in t h a t  system.
A t h i r d  peak observed us ing  th e  tw o -s tag e  a tom ize r  a t  about 700°C 
was th ough t  t o  be due t o  a d i f f e r e n t  s p e c i e s  from th o s e  produc ing t h e  
o t h e r  two s i g n a l s .  (The r e s u l t s  p r e s e n te d  1n f i g u r e  31 i n d i c a t e d  t h a t  
the  d i s t a n c e  between th e  ana lyz ing  s e c t i o n s  was very I m p o r t a n t . )
The le ad  c h l o r i d e  s igna l  observed with  t h e  tw o - s ta g e  a tom ize r  would 
not  be d e t e c t e d  with  t h e  PE system because i t  i s  below te m p e ra tu re s  f o r  
a to m iz a t io n  t o  t a k e  p l a c e .  This im por tan t  in fo rm at ion  confirmed t h a t  
th e  tw o - s ta g e  a tom ize r  w i l l  p rov ide  da ta  not  c u r r e n t l y  o b t a i n a b l e  a t  
such low c o n c e n t r a t i o n s  by any o th e r  t e c h n iq u e .
(d) Chromate.
(1)  TGA: t h e  curve shown in f i g u r e  38 only shows a very 
gradual  lo s s  of  weight  up t o  1000°C f o r  a sample of  7 .5  mg.
(2)  PE g r a p h i t e  f u rn a c e :  f i g u r e  38 shows two peaks ,  a t  800°C 
and almost  1100°C.
(3) D is c u s s io n :  t h i s  compound i s  s a id  t o  d i s s o c i a t e  a t  
757°C.*0^ I t  i s  thought t h a t  th e  s ig n a l  on t h e  PE a t  800°C was due to  
t h e  chromate ,  and t h e  l a r g e r  s igna l  due,  in  p a r t ,  t o  t h e  oxide as a 
r e s u l t  of thermal decom posi t ion .  (The reduc ing environment p r e s e n t  in 
t h e  fu rnace  a f f e c t e d  t h e  v o l a t i l i z a t i o n  mechanism.)
(e)  Iod ide .
(1) TGA: f i g u r e  39 shows how an 8 mg io d id e  sample l o s t  
weight  beginning  a t  about 450°C.
(2) Two-stage a tom ize r :  t h e  a b s o rp t io n  t r a c e  ob ta ined  f o r  a
sample of  a s a t u r a t e d  s o l u t i o n  us ing  t h i s  in s t rum en t  a l s o  shown in 
f i g u r e  39. Much l i k e  t h e  c h l o r i d e ,  t h e  io d id e  showed two prominent  
peaks :  one a t  330°C and th e  o t h e r  a t  1600°.  A shou lde r  on t h e  l a t t e r
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F i gu r e  3 8
Lead Chromate,  (a)  TGA; (b) PE-HGA. The a b s o r p t i o n  s i g a l  a t  
300° i s  b e l i e v e d  t o  be due to  th e  chromate ,  w h i l e  t h a t  a t  1080° to  
t h e  o x id e .
1000°  








Lead I o d id e ,  (a )  TGA: (b)  PE-HGA; (c)  Two-Stage Atomizer .
Note low te m pera tu re  peak on tw o - s ta g e  a t o m iz a t io n  which i s  a b s e n t  
in  th e  PE t r a c e .
(3)  PE g r a p h i t e  f u rn a c e :  t h e  r e s u l t  d e p ic te d  in  f i g u r e  39 
shows th e  s ig n a l  occur ing  a t  about 1170°C.
(4) D iscuss ion :  t h e  TGA curve showed th e  sample t o  be almost
a l l  gone a t  about 600°C. Upon v i sua l  I n s p e c t io n  of  t h e  sample boat  
a f t e r  t h e  complet ion  of  t h e  h e a t in g  cyc le  no sample r e s id u e  was found.  
Thus,  l i k e  th e  c h l o r i d e  i t  i s  thought t h a t  t h e  s igna l  observed a t  about 
300°C with  t h e  tw o -s tag e  a tom ize r  was t h e  h a l id e  molecule i t s e l f .  The 
a b s o rp t io n  observed  f o r  th e  lead  io d id e  s p e c ie s  us ing  th e  tw o -s tag e  
a tom ize r  i s  unique in t h a t ,  a t  te m pera tu re s  of  300°C no commercial ly 
a v a i l a b l e  t e ch n iq u e  i s  capab le  of  d e t e c t i n g  th e  metal as such.
The a n a l y t i c a l  importance  of t h e s e  da ta  i s  t h a t  sample 
decom pos i t ion Invo lv ing  v o l a t i l i z a t i o n  of t h e  metal can be i d e n t i f i e d  
and measured a t  low te m p e r a t u r e s .  This  1s not p o s s i b l e  on t h e  PE 
commercial in s t rum en t  because a to m iza t io n  and hence atomic a b s o rp t io n  
does not t a k e  p lace  a t  t h i s  low t e m p e ra t u r e .  I t  should a l s o  be noted 
t h a t  t h e  s e n s i t i v i t y  i s  much lower than  th e  TGA. This i s  a d i s t i n c t  
a n a l y t i c a l  a s s e t  f o r  some samples .
f ) Molybdate.
(1) PE g r a p h i t e  f u rn a c e :  f i g u r e  40 shows th e  r e s u l t s  ob ta ined
w ith  t h i s  compound; one s igna l  was observed  a t  about U50°C.
(2)  D iscuss ion :  t h e  molybdate was expec ted t o  r e l e a s e  M0O3
upon h e a t i n g ,  l e a v in g  a r e s id u e  of ox ide .  Thus, th e  tem p era tu re  
observed f o r  t h e  s igna l  was expec ted  t o  co in c id e  with  t h a t  of  t h e  
ox ide .  F igu re  40 a l s o  shows th e  e f f e c t  t h a t  i n c r e a s i n g  t h e  sample s i z e  
had on t h e  appearance  t e m p era tu re  of  t h e  peak.
(g)  N i t r a t e .
(1)  Two-stage a tom ize r :  f i g u r e  41 shows t h a t  t h e  most
% A
1150
A pi  dil. centrif .
1150
9 5 0 °  app.
2 pi s u s p e n s i o n  
-►
T E M P .
Figure 4 0
Lead Molybdate Using the  PE Furance.  Note the  d e c re a s e  in  the  
appea rance  te m p era tu re s  as th e  sample s i z e  was i n c r e a s e d .  The 
peak c o i n c id e d  w i th  t h a t  f o r  t h e  oxide ( see  f i g u r e  4 2 ) .
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Figure 41
Lead N i t r a t e ,  (a )  Two-Stage Atomizer ;  (b)  PE-HGA. Both a b s o r p t i o n  
t r a c e s  were found t o  c o in c id e  w i th  th o s e  o b ta in e d  f o r  the  oxide  
u s ing  the  r e s p e c t i v e  i n s t r u m e n t s .  The s ig n a l  a t  950° w i th  th e  PE 
f u rn a c e  was s l i g h t l y  lower and due to  th e  high  fu rn ace  f i r i n g ,  
number 78.
prominent  peak occured a t  1500°C. Two s m a l l e r  ones were o b ta in ed  a t  
450° and 700°C.
(2)  PE g r a p h i t e  fu rn a c e :  a peak was observed a t  950°C.
(3)  D is cu s s io n :  The thermal d e g ra d a t io n  of  t h i s  compound i s  
d e s c r ib e d  d i f f e r e n t l y  in l i t e r a t u r e .  The t r a c e  was found t o  depend on 
t h e  fu rnace  atmosphere being used ,  h e a t in g  r a t e s ,  and so f o r t h .
Wendlandt found t h a t  i n i t i a l  decomposit ion of t h e  s a l t  hea ted  in a i r  
occured a t  370°C, t o  an o x y n i t r a t e  with  I t s  subsequen t  decomposit ion t o
1 f jQ
elemen tal  lead  a t  573°C. This l a t t e r  s t e p  i s  not c o n s i s t e n t  with 
r e s u l t s  ob ta ined  by o t h e r  w orkers ,  who have p o s t u l a t e d  th e  decomposit ion 
t o  occur  c a t a l y t i c a l l y  a t  370°C t o  P b O * ^ ,  or  v ia  o x y n i t r a t e s  t o  f i n a l l y  
produce PbO, and P b j O ^ * 0 ; Duval d e p i c t s  th e  decomposit ion  p rocess  
t a k i n g  p lace  a t  652°C t o  form th e  monoxide.
The r e s u l t  ob ta ined  with  t h e  PE system i n d i c a t e d  t h a t  th e  oxide was 
being d e t e c t e d .  S i m i l a r l y ,  t h e  a b s o rp t io n  t r a c e  ob ta ined  with t h e  two- 
s t a g e  a tomize r  a l s o  d e p ic te d  th e  p resence  of  t h e  ox ide .  (F igure 41) .
(h) Oxides .
(1)  TGA: t h e  t r a c e  observed  in f i g u r e  42 shows weight  lo s s e s
from a sample of  about  1 mg occur ing  a t  about 350° beg inning  a t  940°C, 
and s t i l l  doing so a t  1000°C, t h e  maximum te m p e ra tu re  reached by th e
i n s t ru m e n t .
(2)  Two-stage a tom ize r :  f i g u r e  42 shows small peaks a t  500°
and 700°C and a l a r g e  one occur ing  a t  1500°C..
(3) PE g r a p h i t e  fu rn a c e :  A s ig n a l  was observed a t  990°C 
( f i r i n g  number 71) as shown in f i g u r e  42.  The r e s u l t  of th e  red lead  
(PbjO^) in shown in  f i g u r e  43, and th e  s ig n a l  f o r  th e  s m a l l e r  sample i s  









-  3 0




Lead Oxide,  ( a )  TGA; (b)  Two-Stage Atomizer ;  (c )  PE-HGA.
The peak observed  a t  990° us ing  th e  PE fu rn a c e  was though t  to  be 
low because o f  g r a p h i t e  tube  ag ing  ( f i r i n g  number 7 1 ) .  The lower 
t e m p e ra tu re  r e l a t i v e  to  t h a t  observed  a t  1500° f o r  th e  tw o-s tage  
a tom ize r  r e f l e c t e d  th e  reduc ing  c a p a b i l i t i e s  o f  th e  g r a p h i t e  a t  
th o s e  te m p e ra tu r e s .
113
r  7 0
no
8 2 0 ° a p p1 0 5 0 ° a ?
TEMP.
I pi SATD.SOLUTION I pi SUSPENSION
Figure 4 3
PbgO.-red l e a d ,  Using th e  PE Furnace.  Note th e  marked d ec re ase  
in  appearance  te m pera tu re  observed  when t h e  sample s i z e  was 
s i g n i f i c a n t l y  i n c r e a s e d .  The system was over loaded  w i th  the  
l a r g e  sample s i z e .
(4) D iscuss ion :  s i n c e  t h e  oxides  were i n s o l u b l e  1n wate r
a p p r o p r i a t e  amounts of  t h e  s a t u r a t e d  s o l u t i o n  was used t o  produce 
adequa te  a b s o rp t io n  s i g n a l s .
The monoxide was found t o  sublime above I t s  m e l t ing  p o in t  of  888°C
11?in t h e  absence  of  a reducing  a g e n t .  The v o l a t i l i z a t i o n  observed  a t  
t h e  h ighe r  t em pera tu res  on t h e  TGA curve i s  a s c r i b e d  t o  t h i s  p ro c e s s .
The monoxide was reduced t o  monomeric gas a t  810°C us ing  a carbon
fu rn ace  (as a reduc ing a g en t )  and a t  f a s t  h e a t in g  r a t e s . A  h ig h e r
t e m p e ra tu re  would be expec ted  in a m e t a l l i c  fu rnace  where no r educ t ion  
would ta k e  p lace  l i k e  in  a g r a p h i t e  f u r n a c e .  This was th e  case  t h a t  was 
observed with  t h e  double s t a g e  a tom ize r  (see f i g u r e  42) .
The i d e n t i t y  of t h e  two small s i g n a l s  observed us ing  t h e  tw o - s ta g e
a tom ize r  was u n c e r t a i n .  The l a r g e  s ig n a l  due t o  t h e  oxide was 
c h a r a c t e r i s t i c  of t h i s  compound and was ob ta ined  with  t h e  samples 
i n j e c t e d  as s o l u t i o n s .
Red le ad  u l t i m a t e l y  reduces  t o  t h e  monoxide. The l i t e r a t u r e  
r e p o r t s  s ev e ra l  sugges ted  mechanisms. These were found t o  depend on the  
co n d i t i o n s  of the  p r e c i p i t a t i o n  p ro cesse s  o b ta in in g  th e  s a l t ,  as  well as 
i t s  oxygen and water  c o n t e n t ,  and in s t ru m e n ta l  param ete rs  such a s ,  
fu rnace  des ign and a tmosphere,  and so on. The s ig n a l  observed on t h e  PE 
system showed t o  be very s i m i l a r  t o  t h e  monoxide.
( i ) S u l f a t e .
(1)  TGA: t h e  TGA curve d id  not  show any d i s c e r n i b l e  weight
lo s s  below 1000°C us ing a sample of  about  3 mg.
(2) Two-stage a tom ize r :  As shown in  f i g u r e  44,  two s i g n a l s
were observed a t  480°C and 700°C and a l a r g e r  peak a t  1450°C.













Lead S u l f a t e ,  (a )  TGA; (b) Two-Stage Atomizer ;  ( c )  PE-HGA.
The tw o - s ta g e  a t o m ize r  d e t e c t e d  a s ig n a l  a t  680° which was 
c h a r a c t e r i s t i c  o f  t h i s  compound. This  peak was no t  d e t e c t e d  w i th  
t h e  PE fu rn a c e  because  o f  i t s  i n a b i l i t y  to  atomize sp e c ie s  a t  
th o s e  low t e m p e r a t u r e s .
s ig n a l  a t  1010°C.
(4) D iscuss ion :  t h e  m e l t ing  p o in t  of  lead  s u l f a t e  1s r e p o r te d
t o  be 1170°C with  decomposit ion t a k i n g  p l a c e .  O s t r o f f  and Sanderson
have re p o r te d  t h e  thermal decomposit ion  occur ing  a t  803°C us ing  a DTA- 
11^TGA system. Other workers have observed i t  t o  occur 1n th e  range 
between 900 and 1250°C in  a n i t r o g e n  atmosphere.
The tw o -s tag e  a tom ize r  showed a peak t h a t  was thought t o  be due t o  
t h e  oxide  a t  1450°C. I t  a l s o  e x h i b i t e d  a c h a r a c t e r i s t i c  sharp  s igna l  a t  
700°C which could  not be unequ ivoca l ly  i d e n t i f i e d ,  but sugges ted  t h e  
p re sen ce  of a d i f f e r e n t  chemical form p r e s e n t .  The p resence  of ba s ic  
s u l f a t e s  (o r  o x y s u l f a t e s )  r e s u l t i n g  from th e  hydra ted  sp e c ie s  in t ro d u ced  
as s o l u t i o n s  may e x p la in  t h i s  s i g n a l ,  which was not observed with  th e  
PE’HGA.
I t  i s  be l i e v e d  t h a t  th e  s igna l  observed with  th e  PE system a t  above 
1010°C co inc ided  with  t h a t  of  t h e  ox ide ,  once c o r r e c t i n g  f o r  th e  he a t in g  
c y c l e - t e m p e r a tu r e  r e l a t i o n s h i p .
(j ) S u l f i d e .
(1) TGA: f i g u r e  45 shows th e  TGA curve of  t h i s  compound. 
Weight lo s s  began a t  750°C, but th e  a n a l y s i s  could not  be completed 
because of  problems exper ienced  with  th e  i n s t ru m e n t .
(2) PE g r a p h i t e  f u rn a c e :  th e  r e s u l t s  ob ta ined  us ing  a 
s a t u r a t e d  s o l u t i o n  of  t h i s  s a l t  a re  shown in  f i g u r e  45. A s igna l  
occu r ing  a t  1130°C was observed .  F igure  46 shows th e  r e s u l t s  t h a t  were 
o b ta in e d  when us ing  l a r g e r  sample s i z e s ,  as  well as th e  e f f e c t  t h a t  was 
observed  us ing  d i f f e r e n t  flow r a t e s .
(3)  D is cu s s io n :  t h e  m e l t ing  p o in t  of  t h i s  s a l t  i s  1114°C y e t  
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Figure 45
Lead S u l f i d e ,  (a)  TGA; <b) PE-HGA
93CP
( a )  ( b )  ( c )
Figure  4 6
E f f e c t  o f  Sample S ize :  l e a d  s u l f i d e  (a)  1 y£ s a t d .  s o l u t i o n ;
(b) 5 yJi; ( c )  2 yfc su s p e n s io n .  The appearance  o f  a s ig n a l  a t
920° w i th  a concom itan t  i n c r e a s e  in  sample s i z e  sugges ted  t h a t  
t h i s  peak was due t o  the  s u l f i d e  s p e c i e s .
t h e  TGA as beginning  a t  about 750°C.
The response  observed  with  t h e  PE*403 system e x h i b i t e d  a prominent  
peak a t  about  1100°C which was c o in c id e n t  with  t h e  monoxide. Also ,  as 
f i g u r e  46 d e p i c t s ,  a second s igna l  emerged a t  about  900°C as t h e  sample
s i z e  was i n c r e a s e d .  This  peak was t e n t a t i v e l y  thought  t o  be due to  th e
s u l f i d e  s p e c i e s  s in c e  i t s  i n t e n s i t y  was small and d i r e c t l y  a f f e c t e d  by 
th e  c o n c e n t r a t i o n  of  th e  sample.  The enhanced r e s o l u t i o n  observed a t
t h e  h ighe r  purge gas flow r a t e  can be e x p l a in e d ,  in p a r t ,  by th e  atomic
gases being swept away from th e  l i g h t  path more q u ic k ly .  This sweeping 
e f f e c t  can a l s o  be observed by th e  d e c re a se  in  s igna l  i n t e n s i t i e s ,  f o r  
th e  1 y£ samples f o r  example.
3A, 2.  Cadmium Compounds.
(a)  A c e ta te .
(1) TGA: th e  curve of  t h i s  compound d e p ic te d  in f i g u r e  47 
shows weight  lo s s e s  occur ing  a t  150°C and 300°C. A sample of  about 6 mg 
of  t h e  d i h y d r a t e  s a l t  was used.  (Melt ing  p o i n t s :  256°C)
(2) Two-stage a tom ize r :  a sample of 0 .5  yA 100 ppm cadmium,
as t h e  a c e t a t e ,  was used t o  produce th e  curve shown in f i g u r e  47. A 
prominent  peak was observed a t  600°C.
(3) PE g r a p h i t e  f u rn a c e :  a l s o  shown in  f i g u r e  47 i s  th e  
a b s o r p t i o n  t r a c e  o b ta in ed  from a 4 yi. 0 .5  ppm sample.  The curve shows 
th e  cadmium appea r ing  a t  830°C.
(4)  D iscu ss io n :  t h e  s t e p s  d e p i c t i n g  weight  l o s s e s  in  t h e  TGA 
were not symmetric su g g e s t in g  t h a t  t h e  f i r s t  was due t o  lo s s  of  th e  
w a te r  of  h y d r a t i o n ,  while  t h e  second was t h e  decomposit ion t o  t h e
120
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Cadmium A c e t a t e ,  (a )  TGA; (b) Two-Stage Atomizer;  ( c )  PE-HGA. 
Note low te m p e ra tu r e s  peak in  ( b ) .  Large peak may be th e  oxide .
ox ide .  A f te r  th e  h e a t in g  cyc le  a grayish-brown re s id u e  was l e f t  
I n d i c a t i n g  th e  p resence  of t h e  ox ide .
The tw o -s ta g e  a tomize r  e x h i b i t e d  one l a rg e  peak which was l a t e r  
found t o  c o in c id e  with  th e  oxide .
(b)  C h lo r id e .
(1)  TGA: t h e  TGA curve of t h e  c h l o r i d e  showed a small weight
lo s s  of 8 mg sample occur ing  a t  150°C. Another l a rg e  one began a t  600°C 
and th e  sample was almost  a l l  gone a t  750°C.
( 2 ) Two-stage a tom ize r :  f i g u r e  48 shows two very l a rg e
s i g n a l s ,  one a t  340°C and th e  o th e r  a t  650°C.
(3) PE g r a p h i t e  fu rn a c e :  th e  r e s u l t s  us ing  t h i s  system only 
showed one s igna l  occur ing  a t  850°C.
(4)  D is cu s s io n :  t h e  TGA curves  i n d i c a t e d  two s t e p s .  The
f i r s t  s t e p  was a t t r i b u t e d  t o  th e  l o s s  of  t h e  hydra ted  wate r  molecules 
and th e  second t o  th e  v o l a t i l i z a t i o n  of t h e  compound. Visual i n s p e c t i o n  
o f  th e  sample boat of  t h e  TGA a f t e r  th e  he a t in g  cyc le  did  not reveal  any 
r e s i d u e .  Thus,  t o t a l  evapo ra t ion  occured b e fo re  reach ing  i t s  b o i l i n g  
p o i n t :  bp 960°C, mp 568°C.
Tombeck proposed t h a t  sub l im a t ion  occured in n i t ro g e n  a t  red 
h e a t 11^,  s u g g e s t in g  t h a t  v o l a t i l i z a t i o n  of t h e  cadmium c h l o r i d e  t a k e s  
p la c e  in a s i m i l a r  f a s h io n  as with lead  c h l o r i d e .
V o l a t i l i z a t i o n  was observed with  th e  tw o-s tage  a tom ize r  a t  340°C. 
Only one peak was observed a t  flow r a t e s  below 100 cc/min which 
i n d i c a t e d  t h e  high dependency of  d e t e c t i n g  th e  evo lv ing  gases upon th e  
c a r r i e r  gas flow r a t e  a t  low t e m p e ra t u r e s .
The a n a l y s i s  conducted us ing t h e  PE*403 system showed only one 
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Figure  4  8
Cadmium C h lo r i d e ,  (a )  TGA; (b) Two-Stage Atomizer;  (c )  PE-HGA. 
The im p o r ta n t  f e a t u r e  shown in  t h i s  f i g u r e  i s  th e  d e t e c t i o n  o f  
cadmium c h l o r i d e  a t  340° us ing  the  tw o -s ta g e  a to m ize r .  The PE 
carbon a t o m ize r  d id  n o t  r ev ea l  t h i s  peak.
d e t e c t e d  because of a to m iz a t io n  e f f i c i e n c i e s  a t  t h e s e  te m p e ra tu re s  a 
very low and t h e r e f o r e  t h e  evolved gases  escape  d e t e c t i o n .
Low te m p era tu re  v o l a t i l i z a t i o n  has c r e a t e d  l o s s e s  when de te rm in ing  
t h i s  metal by conven t iona l  fu rn a c e  AAS, producing some lo s s  1n 
ac c u ra c y .  I t  was a l s o  found t h a t  0 .5  ppm produced adequa te  ab s o rp t io n  
s i g n a l s ,  e q u i v a l e n t  t o  10"^°  g a b s o l u t e  s e n s i t i v i t y .  S e n s i t i v i t i e s  
normally ob ta ined  f o r  carbon fu rnace  AAS systems a r e  two or t h r e e  o rde rs  
of  magnitude b e t t e r .  The tw o -s tag e  a tom ize r  w i l l  l a r g e l y  ci rcumvent 
t h i s  shor tcoming,  e s p e c i a l l y  when a n a ly z in g  s o l i d  samples.
(c)  I o d id e .
(1) Two-stage a t o m iz e r :  f i g u r e  49 d e p i c t s  t h e  a b s o rp t io n
t r a c e  o b ta in ed  with  a sample of  cadmium i o d i d e .  The thermal d eg rad a t io n  
c h a r a c t e r i s t i c s  o f  t h i s  compound showed a s ig n a l  a t  340°C and 650°C.
(2)  PE g r a p h i t e  f u rn a c e :  f i g u r e  49 shows th e  r e s u l t i n g
a b s o r p t i o n  t r a c e  us ing t h i s  compound. The t e m p e ra tu re  of  th e  s igna l  was 
observed t o  be 830°C.
(3)  D is cu s s io n :  t h e  r e s u l t s  o b ta in ed  with  t h e  PE system f o r  
t h e  io d id e  c l o s e l y  resembled th o s e  from t h e  c h l o r i d e ,  when c o r r e c t i n g  
f o r  th e  h e a t in g  cyc le  number. F igure  49 only shows one peak.
The r e s u l t s  ob ta ined  us ing  th e  two s t a g e  a tom ize r  d e p ic te d  th e  
unique c h a r a c t e r i s t i c  of  t h i s  system, namely,  i t s  a b i l i t y  t o  d e t e c t  
metal components t h a t  a r e  v o l a t i l i z e d  a t  low t e m p e r a t u r e s .  Thus, two 
peaks were d e t e c t e d ,  one a t  650° and th e  o t h e r  a t  340° which was not 
observed with  t h e  PE’ HGA.
( d ) N i t r a t e .
(1)  Two-stage a to m ize r :  t h e  t r a c e  shown in  f i g u r e  50
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F i g u r e  4 9
Cadmium I o d id e ,  (a )  Two-Stage Atomizer ;  (b)  PE-HGA. The a b s o r p t i  
peaks observed  a t  650° and 830° us ing  th e  tw o -s tag e  and th e  PE 
sys tem s ,  r e s p e c t i v e l y ,  c o i n c id e d  w i th  th e  cadmium oxide s i g n a l s .  
Only th e  tw o -s ta g e  a to m ize r  d e t e c t e d  a s igna l  a t  340° b e l i e v e d  to  









Cadmium N i t r a t e ,  ( a )  Two-Stage Atomizer ;  (b) PE-HGA. The a b s o rp t io n  
t r a c e  o f  t h e  tw o -s tag e  a to m ize r  i n d i c a t e d  t h a t  t h e  cadmium n i t r a t e  
decomposed t o  t h e  o x ide  a t  low te m p e r a t u r e s .  Both curves  shown in  
t h e  f i g u r e  c o in c id e d  with  the  r e s p e c t i v e  t r a c e s  us ing  the  oxide .
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(2) PE g r a p h i t e  f u rn a c e :  t h e  only s igna l  observed us ing t h i s
fu rnace  was observed  a t  760°C. (In ca .  810°C once c o r r e c t e d  f o r  fu rnace
c o n d i t i o n s . )
(3)  D iscu ss io n :  t h e  n i t r a t e  i s  decomposed t o  t h e  ox ide  a t
t e m p e r tu re s  of about  450°C. The s ig n a l  observed with  t h e  tw o -s ta g e
a tom ize r  was t h e r e f o r e ,  not unexpected and thought t o  c o in c id e  with  t h a t
of t h e  ox ide .  The co r responding  peak observed with  t h e  PE system was 
observed a t  810°C, c o r r e c t e d  t e m p e r a t u r e ,  and was thought t o  be due t o  
t h e  ox ide .
(e)  Oxide.
(1) TGA: t h e  TGA curve shown in f i g u r e  51 shows an weight
lo s s  occur ing  a t  400°C us ing a 2.5  mg sample.
(2) Two-stage a tom ize r :  t h e  curve shown in f i g u r e  51 shows a
s ig n a l  occur ing  a t  700°C us ing  a 1 ytsample of a s a t u r a t e d  s o l u t i o n .
(3) PE g r a p h i t e  fu rn a c e :  a sample of 4 n i  of  a d i l u t e d
s a t u r a t e d  s o l u t i o n  (400:1) was used t o  produce t h e  a b s o r p t i o n  s ig n a l  
d e p i c te d  in f i g u r e  51. The te m pera tu re  was a s s igned  t o  be 750°C, f o r  a 
f i r i n g  number of  201, t h e r e f o r e  ca .  800°C once c o r r e c t e d  (as shown).
(4)  D iscu ss io n :  t h e  CRC Handbook of Chemistry and Physics
l i s t s  th e  m e l t ing  p o in t  of  th e  cub ic  and amorphous forms of th e  oxide 
occur ing  a t  t e m p era tu re s  g r e a t e r  than  1500°C, and a t  t h e  same t im e ,  
r e p o r t i n g  th e  amorphous form sub liming a t  900-1000°C.
The r e s u l t s  ob ta ined  with  th e  TGA i n d i c a t e d  weight  lo s s  a t  about  
400°C, which was s u r p r i s i n g l y  low f o r  sub l im a t ion  to  occu r .  D iverse  
r e s u l t s  f o r  t h e  thermal behav ior  of  t h e  compound have been r e p o r te d  by 
o th e r  w orkers .  I t  has been seen t o  d i s s o c i a t e  below 600°C.114,11^











Fi gur e  51
Cadmium Oxide,  (a )  TGA; (b) Two-Stage Atomizer;  (c )  PE-HGA. 
Within exper im en ta l  e r r o r  t h e  s i g n a l s  observed  w i th  each AAS 
sys tem were thought t o  be a bou t  the  same.
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p a r t i a l  decomposit ion t a k i n g  p l a c e . T h e  l a t t e r  a u th o rs  a l s o  found 
t h a t  t h e  oxide was reduced a t  600°C In atmospheres of  H£, CO or 1n th e  
p re sen ce  of  powdered carbon.  Cotton and Wilkinson sugges t  t h a t  th e  
compound sublimes  a t  "very high t e m p e r a t u r e s " . * * ^  These va r ious  r e s u l t s  
emphasize t h e  dependence of  t h e  d a t a  on exper imenta l  ap p a ra t l  and 
p ro ced u res .
In t h e  non reduc ing environment of  t h e  molybdenum a tomize r  (two- 
s t a g e )  t h e  r e l a t i v e l y  low te m p e ra tu re  observed f o r  th e  oxide were 
though t  t o  be due t o  t h e  o p e r a t i n g  param ete rs  of  t h e  a to m iz e r ,  which 
s i g n i f i c a n t l y  depa r t ed  from e q u i l i b r i u m  c o n d i t i o n s .  F i r s t  th e  he a t in g  
r a t e  was in  t h e  o rde r  of  360°C/min and t h e r e f o r e  not  p rov id ing  
i so the rm al  h e a t in g  th roughou t  th e  sample.  Second,  t h e  atmosphere above 
t h e  sample was not r e p r e s e n t a t i v e  of l i q u i d - g a s  e q u i l i b r i u m  i n t e r f a c e  
because of  th e  l a rg e  l i n e a r  f lows r a t e s  of  th e  c a r r i e r  gas .  These were 
about  1 cm/sec.
The s e n s i t i v i t i e s  ob ta ined  with  th e  oxide  sample ,  us ing  th e  PE 
system were s i g n i f i c a n t  in t h a t  they  were b e t t e r  than  th o s e  observed fo r  
t h e  s o lu b l e  compounds. This was a t t r i b u t e d ,  in p a r t ,  t o  th e  lower 
v o l a t i l i t y  of th e  oxide (and th e  lower s o l u b i l i t y )  t r a n s l a t i n g  i n t o  
s m a l l e r  lower t e m pera tu re  l o s s e s .
( f ) S u l f a t e .
(1)  TGA: f i g u r e  52 shows only one weight  lo s s  s tep  beg inning
a t  200°C f o r  a sample of  about  10 mg.
(2) Two-stage a to m ize r :  f i g u r e  52 a l s o  shows t h e  a b s o rp t io n
t r a c e  recorded  with  t h i s  in s t r u m e n t .  The prominent  peak was observed a t  
1000°C. A m olecu la r  background ob ta ined  us ing  a deu ter ium lamp i s  a l s o  











Cadmium S u l f a t e ,  (a )  TGA; (b)  Two-Stage Atomizer;  (c )  PE-HGA.
The r e s u l t s  o b ta in e d  us ing  t h e  PE fu rn a c e  co in c id e d  w i th  th o se  
us ign  th e  o x id e .  The s i g n a l  observed  us ing  th e  tw o -s tag e  a tom ize r  
were a t  h ig h e r  t e m p e ra tu re s  than  th o s e  o f  th e  ox ide .  This  sugges ted  
t h a t  under t h e  o p e r a t i n g  c o n d i t i o n s  t h i s  s a l t  did  no t  s i g n i f i c a n t l y  
decompose t o  th e  ox ide .
tem peratures with th e s u l f a t e .
(3) PE g r a p h i t e  fu rn a c e :  a 4 y* of 0 .5  ppm s ta n d a rd  i s  a l s o  
shown in  f i g u r e  52. The only s igna l  was seen a t  820°C, and analyzed  a t  
t h e  fu rn a c e  f i r i n g  number 113.
(4) D iscuss ion :  t h e  TGA curve  showed a weight  lo s s  a t  about
250°C a t t r i b u t e d  t o  t h e  lo s s  of  w a te r  (CdSO^ * 7 HgO). The m e l t ing  
p o in t  of t h e  compound i s  1000°C, and v i s u a l  i n s p e c t i o n  of  th e  sample 
a f t e r  t h e  h e a t in g  cyc le  r evea led  a w hi te  r e s i d u e ,  which was th e  c o lo r  of  
t h e  i n i t i a l  s u b s t a n c e .
Tombeck d e s c r ib e d  th e  s u l f a t e  p a r t i a l l y  decomposing t o  o x y s u l f a t e s  
a t  red h e a t ,  with  th e  subsequent  fo rm at ion  of  th e  oxide a t  r ed -w h i te  
h e a t , 114 which would co r respond  t o  above 1000°C. He d id  not mention 
however, t h e  fu rn ace  atmosphere t h a t  was used .
The PE system d e p ic te d  t h e  s u l f a t e  peak occur ing  a t  820°C and 
co inc ided  with  t h e  s ig n a l  observed f o r  t h e  cadmium ox ide .  Without t h e  
reduc ing  environment p rov ided  by th e  ca rbon ,  t h e  s ig n a l  was observed t o  
be 1000°C us ing  th e  molybdenum a to m iz e r .  This  was h ighe r  than  ex p ec ted ,  
th u s  s u g g e s t in g  t h a t  t h e  s u l f a t e  did  not show much decomposit ion under 
th o s e  o p e r a t i n g  c o n d i t i o n s .
(g) S u l f i d e .
(1) TGA: A sample of  3 .5  mg was used .  The curve shown in 
f i g u r e  53 r e v e a l s  t h a t  a weight  lo s s  occured a t  about 800°C, under a 
s tream of n i t r o g e n .
(2) Two-stage a tom ize r :  t h e  s ig n a l  t h a t  was observed us ing
t h i s  system showed th e  maximum occur ing  a t  almost  700°C (see f i g u r e  53).
(3)  PE g r a p h i t e  f u rn a c e :  in  f i g u r e  53 i s  a l s o  shown one of 
t h e  r e s u l t s  ob ta ined  with  t h i s  i n s t r u m e n t .  The maximum of  th e  s ig n a l  i s
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Cadmium S u l f i d e ,  (a )  TGA; (b)  Two-Stage Atomizer;  (c )  PE-HGA.
The a b s o r p t i o n  s i g n a l s  appeared  a t  s i m i l a r  t e m p e ra tu re s  us ing  both 
a t o m i z e r s .
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seen t o  occur  a t  about 650°C. F igu re  54 shows sev e ra l  t e m p e r a t u r e -  
a b s o rp t io n  t r a c e s  showing t h e r e  probably  was more than one s ig n a l  t h a t  
could  be observed f o r  t h e  s u l f i d e  s t a n d a rd  s o l u t i o n .
(4)  D is c u s s io n :  a t  t h e  end of  t h e  TGA h e a t in g  cy lce  no
r e s id u e  was no t i c e d  having th u s  a l l  v o l a t i l i z e d  befo re  reach ing  900°C. 
Seed and B ras ted  r e p o r t e d  t h a t  cadmium s u l f i d e  sublimed a t  980°C in 
i n e r t  a t m o s p h e r e s . T h i s  i s  t h e  same t e m p era tu re  t h a t  i s  found in 
s tan d a rd  handbooks f o r  t h i s  s a l t .
A s a t u r a t e d  s o l u t i o n  was used as a sample t o  be ana lyzed  in th e  AAS
sys tem s .  The s ig n a l  observed with  t h e  tw o - s ta g e  a tom ize r  occured a t
t e m p e ra tu re s  approaching  700°C; t h i s  was below i t s  r e p o r te d  sub l im a t ion  
te m p e r tu r e ,  y e t  only 50CC below t h a t  observed with  th e  TGA. This 
v o l a t i l i t y  was a t t r i b u t e d  in p a r t  t o  t h e  dynamic c o n d i t i o n s  of the  
system,  in p a r t i c u l a r  t h e  h ig h e r  c a r r i e r  gas flow r a t e s .  Also ,  t h e  
v o l a t i l i z a t i o n  t e m p era tu re s  of t h e  s u l f i d e  and oxide a r e  r e p o r t e d  to  be
very s i m i l a r  implying t h a t  i f  hyd ra ted  cadmium io n s ,  i . e . ,  cadmium
o x id e ,  were caus ing  th e  s igna l  i t  would appear  a t  t h e  same 
t e m p e r a t u r e .  In o t h e r  words, us ing  th e  tw o -s ta g e  a tom ize r  t h e  s u l f i d e  
and oxide s i g n a l s  were i n d i s t i n g u i s h a b l e .
The r e s u l t s  shown in f i g u r e  54 revea l  t h e  o b s e rv a t io n  o f  p o s s i b ly  
two s p e c i e s ,  in  th e  d i l u t e d  s a t u r a t e d  s o l u t i o n  sample.  The h ighe r  
t e m pera tu re  s h o u ld e r ,  or  peak,  was probab ly  due t o  some oxide being 
p r e s e n t  s in c e  th e  a s s igned  te m p e ra tu r e s  were very s i m i l a r  with  t h a t  of 
th e  oxide sample.  In t h i s  c a s e ,  t h e  s igna l  observed a t  650°C was 
t h e r e f o r e  probably  due t o  t h e  s u l f i d e  s p e c i e s ,  having had i t s  v o l a t i l i t y  
c o n s id e r a b ly  a f f e c t e d  by th e  carbon in  th e  g r a p h i t e  f u rn a c e .
Once again i t  i s  i n t e r e s t i n g  t o  no te  th e  improved s e n s i t i v i t i e s
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ob ta ined  with  t h i s  compound us ing  th e  PE system, which were about an 
o rd e r  t o  magnitude b e t t e r  than  th o s e  ob ta ined  with  th e  ox ide .
P a r a d o x ic a l l y ,  t h e  s o l u b i l i t y  p roduct  of t h i s  compound 1s r e p o r te d  t o  be
1 x 10"^®, t h a t  I s ,  having a very low s o l u b i l i t y .  This s u g g es t s  t h a t  
t h e  low s o l u b i l i t y  and thermal s t a b i l i t y  enhanced th e  s e n s i t i v i t y  and 
reduced l o s s e s  of t h e  metal a t  low t e m p e r a t u r e s .
3A, 3. Mercury Compounds.
The r e s u l t s  ob ta ined  us ing  th e  tw o -s tag e  a tom ize r  f o r  t h e  s e l e c t e d  
mercury compounds were of  a p r e l im in a ry  n a t u r e  s in c e  they  were analyzed  
p r i o r  t o  t h e  o th e r  metal compounds.
(a)  A c e ta te .
(1) Two s t a g e  a tom ize r :  t h i s  compound e x h i b i t e d  two sharp
s i g n a l s ,  as shown in f i g u r e  55, a t  t e m p era tu re s  of  70 and 130°.  (These 
te m p era tu re s  a re  not  c o r r e c t e d  because of  c a l i b r a t i o n  p rob lem s . )
(2)  D iscuss ion :  th e  a c e t a t e  i s  expec ted  t o  decompose a t  low
te m p er tu re s  t o  t h e  oxide .  In a i r  i t  does so a t  180°C.
The s e r io u s  problems encoun te red  with  th e  t e m p era tu re  c a l i b r a t i o n  
of  th e  a tomizer  body-thermocouple i n h i b i t e d  p roper ass ignment of 
te m p e ra tu re s  t o  t h e  a b s o rp t io n  s i g n a l s .  Thus,  i t  i s  thought t h a t  a t  
about  70° ( e q u i l a v e n t  t o  about  200-300°C, s t a r t i n g  t e m p e r a t u r e s )  th e  
s ig n a l  was due t o  mercury being e n t r a i n e d  with  decomposi t ion  p r o d u c t s .  
The o th e r  s igna l  was most l i k e l y  due t o  t h e  v o l a t i l i z a t i o n  of  t h e  
r e s id u e  in th e  range of  600-1000°C.
(b) Bromide.
(1) Two-stage a tom ize r :  f i g u r e  56 shows th e  a b s o rp t io n  t r a c e





Mercury ( I I )  A ce ta te  Using th e  Two-Stage Atomizer.  The i d e n t i t y  o f  
t h e  peak a t  h ig h e r  t e m p era tu re s  i s  expec ted  t o  be due to  the  ox ide ;  
t h e  o t h e r ,  i s  u n c e r t a i n .  *U ncorrec ted  t e m p e r a t u r e s .  (See t e x t ) .
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Figure 5 6
Mercury ( I I )  Bromide Using th e  Two-Stage Atomizer.  The low 
s i g n a l  i s  b e l i e v e d  t o  be due to  t h e  h a l i d e .  The o t h e r  peak 
o x id e .  *Uncorrec ted  te m p e ra tu r e s  (See t e x t ) .
t e m pera tu re  
t o  the
(about  200-350°C) and a l a rg e  one a t  about  110° ( e q u iv a l e n t  t o  500- 
900°C).
(2)  D is cu s s io n :  t h e  given te m p e ra tu re s  above in  p a r e n t h e s i s  
a r e  e s t i m a t e d .  At t h i s  t ime t h e  ins t rum en t  had not  been p ro p e r ly  
e v a lu a te d  and t h e r e f o r e  a t  t h e  lower t e m p e ra tu re s  t h e  v o l a t i l i z a t i o n  of 
t h e  ac tu a l  h a l i d e  molecule was probably  being d e t e c t e d .  The prominent  
s ig n a l  was th ough t  t o  be due to  oxide r e s u l t i n g  from th e  d i s s o l u t i o n  
p ro c e s s .
(c )  C h lo r i d e s .
(1) Two-stage a tom ize r :  in  f i g u r e  57 a r e  p r e s e n te d  r e s u l t s
ob ta ined  from th e  mercurous and mercur ic  forms of  th e  h a l i d e .  They 
showed s i m i l a r i t i e s  a t  t h e  lower t e m p era tu re s  80° and 95°; and they  
showed v a r i a t i o n s  a t  125° and 170°.
(2)  D is cu s s io n :  i t  was f e l t  t h a t  t h e s e  diagrams were r a t h e r  
approx im at ive  only s in c e  r e p r o d u c i b i l i t i e s  were not  good. However, t h e  
low te m pera tu re  s igna l  observed  f o r  m e rc u ry ( I I )  a t  80° (200-350°C) was 
thought t o  be due to  th e  v o l a t i z a t i o n  of t h e  c h l o r i d e  i t s e l f .  (The 
m el t ing  p o in t  i s  r e p o r te d  t o  be 276°C and i t s  b o i l i n g  p o in t  302°C.)
The calomel i s  r e p o r te d  t o  sublime between 400-500°C which would 
i n d i c a t e  t h a t  one of  th e  two s i g n a l s  recorded  was probab ly  due t o  t h i s  
p ro c e s s .  I t  i s  probably  t h a t  a t  95° we d e t e c t e d  th e  v o l a t i l i z a t i o n  of  
t h e h a l i d e  molecule and a t  125° t h e  p resence  of  oxide .
L a t e r  s t u d i e s  a l s o  r e v ea led  t h a t  a l a rg e  p a r t  of t h e  observed 
i n c o n s i s t e n c i e s ,  and r e p r o d u c i b i l i t y  problems were due t o  i n a p p r o p r i a t e  
sample i n t r o d u c t i o n  procedures  (see  th e  Experimental  s e c t i o n  f o r  
d e t a i l s ) .
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F i g u r e  5 7
Two-Stage Atomizer .  The i d e n t i t i e s  
o f  t h e  s i g n a l s  a r e  u n c e r t a i n .
I t  i s  p robab le  however,  t h a t  the  
s i g n a l s  observed  f o r  th e  Hg2Cl2 
were due to  the  h a l i d e  and to  
t h e  o x id e ,  as  the  t e m pera tu re  
in c r e a s e d .  *Uncorrec ted  
te m p e ra tu r e s  (See t e x t ) .
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F i g u r e  5 8
Two-Stage Atomizer.  The observed  
peaks a r e  th ough t  t o  be due to  the  
io d id e  and to  th e  oxide s p e c i e s ,  
a t  lower and h ig h e r  t e m p e r a t u r e s ,  
r e s p e c t i v e l y .
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(d)  Io d id e .
(1) Two s t a g e  a to m ize r :  f i g u r e  58 shows th e  r e s u l t  ob ta ined  
f o r  t h i s  compound us ing  t h i s  system.  Two s i g n a l s  were observed :  a t  80° 
(200-350°C) and a t  100° (400-800°C).
(2)  D iscuss ion :  t h e  thermal d eg rad a t io n  c h a r a c t e r i s t i c  was 
n o t i c e d  t o  be very s i m i l a r  t o  t h a t  of t h e  bromide;  one could a l s o  look 
fo r  and f i nd  resemblances  with  t h e  c h l o r i d e s  as w e l l .
The s igna l  a t  80° (200-350°) was n o t i c e d  t o  be very sh a rp .  This 
sugges ted  t h a t  v o l a t i l i z a t i o n  was very sudden and sugges ted  t h a t  
a l though  t h i s  phenomenon might be advantageous  t h e r e  was th e  p o s s i b i l i t y
t h a t  th e  v a p o r i z a t i o n  s e c t i o n  was too  hot  a t  t h e  sample i n t r o d u c t i o n .
The chemical form of t h e  peak observed a t  100° (400-800°) was not 
confirmed but was su spec ted  t o  be t h e  ox ide ,  p o s s ib ly  brought about  
du r ing  th e  d i s s o l u t i o n  p ro c e s s .  The oxide  i s  r e p o r te d  t o  decompose a t  
500°C.
(e)  S u l f a t e .
(1)  Two s t a g e  a to m ize r :  t h e  t r a c e  p r e s e n te d  in  f i g u r e  59
shows c o n s id e r a b l e  f i n e  s t r u c t u r e  but was not  thought t o  be 
s i g n i f i c a n t .  On t h e  o t h e r  hand two prominent  s i g n a l s  could be 
d i s c e r n e d ;  one a t  about  75° (150-300) and th e  o th e r  a t  160° (600-
12Q0°C).
(2) D iscuss ion :  t h e  s u l f a t e  i s  r e p o r te d  t o  decompose, and
assumingly a t  low te m p era tu re s  s in c e  none a r e  given in handbooks.  Thus,
th e  s i g n a l s  observed a t  almost  t h e  same t ime as t h e  i n t r o d u c t i o n  o f  t h e  
sample,  was most probably  due t o  t h e  e n t ra inm e n t  of  metal with  t h e  
evolved  decomposit ion  p ro d u c t s .
The i d e n t i t y  of  t h e  second s igna l  a t  t h e  h ighe r  t e m p era tu re s  was
140
Figure 5 9
Two-Stage Atomizer .  The i d e n t i t y  o f  
t h e  s i g n a l s  was n o t  conf irmed due to 
i r r e p r o d u c i b i l i t y  problems.  The lower 
t e m pera tu re  peak occured immediately 
a f t e r  i n j e c t i o n .  *Uncorrec ted  
t em pera tu res  (See t e x t ) .
1 0 0 0  p p m
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not I d e n t i f i e d  but was thought  t o  be due t o  th e  ox ide .  Yet,  t h e  
recorded  t e m p era tu re  was h ig h e r  than  those  observed with  t h e  o t h e r  
mercury samples.  This  could be a t t r i b u t e d  t o  s ev e ra l  param ete rs  
In c lu d in g  sample s i z e ,  h e a t in g  r a t e  and o t h e r s .  I t  was then  r e a l i z e d  
t h a t  procedura l  param ete rs  needed t o  be c a r e f u l l y  c o n t r o l l e d  b e fo re  
b e t t e r  r e s u l t s  could  be o b ta in e d .  In a d d i t i o n ,  1t was dec ided  not  t o  
con t inue  with  mercury compounds because t h e  i n i t i a l  t em pera tu res  of  the  
v a p o r i z a t i o n  tube  were r a t h e r  high f o r  p roper  s p e c i a t i o n  of  mercury t o  
be c a r r i e d  o u t ,  and d i f f i c u l t  t o  c o n t r o l .  Thus, t h e  advantage  of 
d e t e c t i n g  low te m p e ra tu re  s i g n a l s  could not  be advan tegeous ly  used with  
mercury compounds a t  t h a t  s t a g e .
3A,4. Zinc Compounds.'
(a )  A c e t a t e .
(1) PE g r a p h i t e  fu rn ace :  t h e  a b s o rp t io n  t r a c e  t h a t  was 
ob ta ined  f o r  a 5 ppm s o l u t i o n  i s  shown in  f i g u r e  60, and e x h i b i t s  only 
one s i g n a l ,  occur ing  a t  1110°C.
(2) D iscu ss io n :  Paulik  and Paulik  de s c r ib e d  th e  a c e t a t e  t o  be 
a compound from which th e  oxide  formed had a non s t o i c h i o m e t r i c  
com pos i t ion ,  i . e . ,  having a v a r i a b l e  Zn t o  0 r a t i o . 11® They observed 
th e  decomposit ion occur ing  over  a t e m p e ra tu re  range of about  800-1500°C.
The only s igna l  t h a t  was recorded  us ing  th e  PE system was l a t e r  
found t o  correspond t o  t h e  a b s o r p t i o n  t r a c e  of t h e  ox ide .
(b) C h lo r id e .
(1) TGA: th e  thermal decomposit ion ob ta ined  with  t h i s
in s t ru m en t  i s  shown in  f i g u r e  61 and r e v e a l s  two weight lo s s  s t e p s .  The 




Zinc A c e ta te  Using th e  Pe-HGA. This s i g n a l  was observed to  c o in c id e  
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F i g u r e  61
Zinc C h lo r i d e ,  (a )  TGA; {b ) PE-HGA. The s ig n a l  observed  a t  1120°C 
c o in c id e d  w i th  t h a t  o f  t h e  o x id e .  Peaks a t  lower t e m p era tu re s  were 
n o t  d e t e c t e d  because  th e  fu rn a c e  i s  unalbe  t o  atomize any s p e c i e s  of  
th o s e  t e m p e r a t u r e s .  No peaks cor responded  t o  t h e  s t e p s  a t  200 and 
500 on t h e  TGA.
showing a l a rg e  lo s s  o f  sample w e ig h t ,  meaning t o t a l  v o l a t i l i z a t i o n  a t  
650°C.
(2)  PE g r a p h i t e  f u rn a c e :  t h e  s ig n a l  t h a t  was observed  a t
1120°C f o r  t h i s  compound 1s a l s o  shown in f i g u r e  61.
(3) D iscuss ion :  t h e  z inc  c h l o r i d e  i s  very d e l i q u e s c e n t  and
forms ox y ch lo r id e s  in t h e  p resence  of  w a te r .  Thus,  in  load ing  t h e  s o l i d  
sample onto th e  TGA in s t ru m en t  some w ate r  was expec ted  t o  have been 
absorbed by t h e  s a l t .  This  accounts  f o r  t h e  weight  lo s s  observed a t  low 
te m p e ra tu r e s  of the  TGA cu rve .  The l a rg e  s t e p  ending a t  almost  700°C 
was a t t r i b u t e d  t o  th e  v o l a t i l i z a t i o n  of  t h e  c h l o r i d e  compound. A f te r  
comple t ing  th e  h e a t in g  cyc le  no r e s id u e  was seen in  th e  sample bo a t .
For th e  a n a l y s i s  th e  PE system a 5 ppm c h l o r i d e  s o l u t i o n  was 
u sed .  Thus i t  was expec ted  t h a t  o x y c h lo r id e s  were p r e s e n t ,  and t h i s  was 
r e f l e c t e d  in  t h e  t e m p era tu re  of  th e  s ig n a l  t h a t  was obse rved .  The 
c h l o r i d e  v o l a t i l i z a t i o n  escaped d e t e c t i o n  because  of t h e  low a tom iza t ion  
e f f i c i e n c e s  of  t h e  fu rnace  a t  t h e  low t e m p e r a t u r e s ,  and because th e  non­
atomized gases were a l s o  being a u t o m a t i c a l l y  background c o r r e c t e d .
(c)  Chromate:
(1) TGA: f i g u r e  62 shows t h e  0.7 mg sample l o s i n g  weight  in  2 
s t e p s  in  t h e  t e m p era tu re  range of  350-400°C and 550-600°C.
(2)  PE g r a p h i t e  f u rn a c e :  a 1 v t  sample of  a 100:1 d i l u t i o n  
of t h e  s a t u r a t e d  s o l u t i o n  was used t o  produce th e  s igna l  d e p i c te d  in 
f i g u r e  57. The s igna l  appeared a t  about  1020°C and i t s  maximum occured 
a t  1120°C.
(3)  D is c u s s io n :  t h i s  s a l t  i s  r e p o r t e d  t o  be i n s o l u b l e  y e t  the
s ig n a l  observed with  th e  PE system r e q u i r e d  a very d i l u t e  sample.  This  









F i g u r e  6 2
Zinc Chromate,  (a )  TGA: (b)  PE-HGA. The TGA curve  d e p i c t s  t h e  
decomposi t ion  o f  t h e  chromate t o  the  oxide occu r ing  a t  low tempera­
t u r e s .  The s i g n a l  observed  with  the  PE fu rnace  was l a t e r  found to  
c o i n c id e  with  th e  ox ide .
c o n s id e ra b ly  reduced us ing  t h i s  i n s o l u b l e  s a l t .  This  same e f f e c t  was 
seen with t h e  i n s o l u b l e  s a l t s  of cadmium, which i s  a l s o  a v o l a t i l e  
e lement .
Using 1 y t  of  t h e  s a t u r a t e d  s o l u t i o n  produced a s igna l  t h a t  was 
much l a r g e r  and broader  than  t h a t  shown 1n f i g u r e  62.  Also ,  t h e  Tapp 
was reduced t o  about  980°C, which i s  what was observed  t o  be t h e  case  
when l a r g e r  sample s i z e s  were used us ing  t h e  PE system.
The decomposit ion of th e  chromate as shown by t h e  TGA cu rve ,  l e f t  a 
r e s id u e  a t  th e  end of  th e  h e a t in g  c y c l e ,  b e l i e v e d  t o  be th e  oxide of 
z i n c .
(d) Oxide.
(1) TGA: th e  TGA curve did  not  e x h i b i t  any d i s c e r n i b l e  weight
lo s s  below 1000°C.
(2) PE g r a p h i t e  fu rn a c e :  t h e  s igna l  observed  with  t h e  oxide 
i s  shown in f i g u r e  63. I t  shows th e  peak occur ing  a t  1110°C.
(3) D is cu s s io n :  t h e  me lt ing  p o in t  of t h i s  compound i s  
1975°C. I t  i s  t h e r e f o r e  not  s u r p r i s i n g  t h a t  no weigh t  lo s s  was observed 
below 1000°C us ing  th e  TGA.
The reduc ing environment e x i s t i n g  in t h e  carbon fu rn ace  enab led  th e  
s ig n a l  t o  be observed a t  below i t s  m e l t ing  p o i n t .  The oxide has a l s o  
been seen to  d i s s o c i a t e  w i th in  a r a p id l y  hea ted  carbon fu rnace  a t  
t e m p era tu re s  of  about 8 7 0 ° C . ^
(e)  S u l f a t e .
(1) TGA: th e  TGA curve of  t h i s  compound i s  shown in f i g u r e
64. Weight lo s s  occur ing  a t  below 100°C, a t  300° and beginning  a t  800°C 
were observed .









F i gure 6 3
Zinc Oxide,  (a)  TGA; (b)  PE-HGA.. The TGA curve d id  not  e x h i b i t  
any w e igh t  l o s s  below 1000°C. Reduction by the  g r a p h i t e  in  the  PE 
fu rnace  i s  th ough t  to  account  f o r  t h e  o b s e r v a t i o n  o f  t h e  s i g n a l  a t  
1110°,  c o s i d e r i n g  t h a t  i t s  m e l t ing  p o i n t  1975°C.
1000°
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Figure 6 4
Zinc S u l f a t e ,  (a)  TGA; (b)  PE-HGA. The TGA curve showed decomposi­
t i o n  to  t h e  oxide  o c c u r in g _ a t  about  800°C. The a b s o r p t i o n  s igna l  
observed  us ing  the  PE fu rnace  c o inc ided  w i th  t h a t  o f  th e  ox ide .
s i n g l e  peak occu r ing  a t  1120°C, and i s  shown 1n f i g u r e  64.
(3)  D iscuss ion :  t h e  weight  lo s s e s  observed  on t h e  TGA curve
below 350°C were a t t r i b u t e d  t o  t h e  lo s s  of  w a te r .  The s tep  observed 
between 800 and 950°C were due t o  t h e  decomposit ion of  t h e  s u l f a t e ,  
l e a v in g  a r e s id u e  1n th e  sample boa t .  (Handbooks l i s t  t h e  decomposit ion 
occur ing  a t  600°C.)
In th e  carbon fu rnace  AAS system such decomposit ion could not  
o r d i n a r i l y  be obse rved ,  e s p e c i a l l y  i f  au tom at ic  background c o r r e c t i o n  i s  
used .
I t  was not  p o s s i b l e  t o  r e p o r t  any r e s u l t s  ob ta ined  us ing  th e  two- 
s t a g e  a tom ize r  due t o  s e r i o u s  r e p r o d u c i b i l i t y  problems encoun te red .
These were caused by th e  high  s e n s i t i v i t i e s  o b ta in ed  with  t h e  metal in 
AAS, and th e  p resence  of  t h i s  m e ta l ,  as an im p u r i ty ,  in  th e  carbon 
p i e c e s  t h a t  were used as e l e c t r o d e s .
3B,-SOLID STANDARDS
For th e  a n a l y s i s  and s p e c i a t i o n  of  s o l i d  ( i n o r g a n i c )  samples t h e  
p rope r  s t a n d a rd s  should a l s o  be s o l i d s .  S ince  th e  atomic a b s o rp t io n  
system us ing  th e  tw o -s tag e  a tom ize r  was so s e n s i t i v e  s o l i d  compounds 
could  not  be used .  Small enough samples posed d i f f i c u l t i e s  in h an d l in g .
An example i s  d e p i c te d  in f i g u r e  65 which shows t h e  a b s o rp t io n  
t r a c e  produced by a t i n y  le ad  c h l o r i d e  c r y s t a l .  One l i m i t a t i o n  of  us ing 
t h i s  approach was t h a t  th e  amount used f o r  t h e  a n a l y s i s  was to o  small t o  
be weighed.  F igure  65 a l s o  i l l u s t r a t e s  how th e  atomic l i n e  from th e  
hal low ca thode  source  was comple te ly  absorbed .  In a d d i t i o n ,  the  
p h y s i c a l l y  t i n y  c r y s t a l  in t ro d u ced  i n t o  t h e  a tom ize r  appeared not t o
%A
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PbCL c r y s t a l s
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F ig u r e  6 5
The s m a l l e s t  p o s s i b l e  l e a d  c h l o r i d e  c r y s t a l  produced t o t a l  a b s o r p t i  
o f  th e  le a d  resonance  a b s o r p t i o n  l i n e .  Smal le r  samples could not  
be p ro p e r ly  hand led .  The system was o v e r lo a d ed .
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have been p laced  where t h e  molybdenum tu b e  was t h e  h o t t e s t .  This was 
observed by n o t i c i n g  t h e  appearance  te m p e ra tu r e s  of  th e  s igna l  which 
were s h i f t e d  t o  t h e  h ighe r  end o f  t h e  s c a l e .
As a r e s u l t ,  s t a n d a r d i z a t i o n  us ing  s o l i d s  was not  pursued f u r t h e r  
and th e  development of an in t r o d u c t i o n  system f o r  s o l i d  s tan d a rd s  became 
necessa ry  f o r  con t inued  s t u d i e s .
3C.-AIR PARTICULATE POLLUTANTS.
3C.1. Lead
A wide v a r i e t y  of lead  compounds have r e p o r t e d ly  been i d e n t i f i e d  
from c o l l e c t e d  p a r t i c u l a t e s  in a i r  samples .  In some c a s e s ,  i n t r i c a t e  
i n s t r u m e n ta t i o n  has been re q u i re d  in  e f f o r t s  t o  q u a n t i f y  r e s u l t s ,  
e s p e c i a l l y  when s i z e  d i s t r i b u t i o n  of  t h e  p a r t i c u l a t e s  was sought .
119-124 s ome t h e  leacj comp0uncis which have been i d e n t i f i e d  inc lude  
s u l f a t e s ,  ammonium lead  s u l f a t e s ,  h a l i d e s  and o x y h a l id e s ,  mixed h a l i d e s ,  
ammonium lead  h a l i d e s ,  s u l f i d e s ,  c a r b o n a t e s ,  and va r ious  ox ide s .
The r e s u l t s  ob ta ined  using th e  tw o -s ta g e  a tom ize r  a re  shown in 
f i g u r e  66. Three d i f f e r e n t  samples were analyzed  and a re  p re s e n te d  in 
t h e  diagram, along w i th ,  t h e i r  m olecu la r  backgrounds (a t  280.2 mm) and a 
blank f i l t e r  paper .
F i l t e r  No. 1 was used t o  scrub 25 3/4  m of a i r .  The c o l l e c t i o n  
p e r iod  in c luded  r a i n f a l l  which was expec ted  t o  c lean  th e  a i r  from some 
p a r t i c u l a t e s .  F i l t e r  No. 2 f i l t e r e d  almost  14 m of  a i r  and t h e  sample 
c o l l e c t i o n  was s topped j u s t  be fo re  th e  f i r s t  r a i n f a l l  s t a r t e d  w i th in  
t h a t  sampling p e r io d .  F i l t e r  No. 3 f i l t e r e d  22.4 m^ of a i r ,  dur ing 
which r a i n  d id  f a l l .  This l a t t e r  sample was c o l l e c t e d  over  a weekend
FIGURE 66
The a b s o r p t i o n  t r a c e s  of  t h r e e  d i f f e r e n t  samples a r e  
shown in  t h i s  f i g u r e .  The top  curve  f o r  each sample 
i s  t h e  a b s o r p t i o n  observed a t  t h e  lead  resonance  l i n e .
Below each of  t h e s e  i s  t h e  m olecu la r  background ob ta ined  
us ing  t h e  deu te r ium lamp. The s igna l  observed a t  1560°C in 
t h e  f i r s t  sample i s  b e l iev ed  to  be due t o  ox ides .  The 
i d e n t i t y  of  th e  s p e c i e s  producing  t h e  s i g n a l s  a t  2330°C was 
u n c e r t a i n .  The t r a c e s  i n d i c a t e  an oxide and two u n i d e n t i ­
f i e d  lead  compounds.
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and t h e  t o t a l  suspended s o l i d s  (TSP) amounted t o  54 y g/m3 . Another 
sample accumulated th e  e q u i v a l e n t  of  58 yg/m3. Another one c o l l e c t e d  
over  a weekend when th e  v e h i c u l a r  t r a f f i c  was expec ted  t o  be lower than  
dur ing  the  week had t h e  e q u i v a l e n t  of  68 yg/m3 o f  TSP. B u l l i n  and Moe 
found ca.  25 yg/m of TSP measured a t  75 f t  from a road edge,  and a t  an 
e q u i v a l e n t  h e ig h t  of  40 f t .* 21
The da ta  p r e s e n te d  in  f i g u r e  66 of  t h e  a i r  p a r t i c u l a t e s  (as s o l i d s )  
sugges ted  t h a t  oxides were p r e s e n t  in our samples and t h a t  oxyha l ides  or 
s u l f a t e s  were a l s o  p r e s e n t .  Q u a n t i f i c a t i o n  of  t h e s e  r e s u l t s  could not 
be under taken  because of t h e  d i f f i c u l t y  invo lved  with  t h e  use of  s o l i d  
s t a n d a r d s .  I f  t h e r e  e x i s t e d  any organolead  components in t h e  c o l l e c t e d  
samples they  must have been p r e s e n t  in very small amounts, i f  a t  a l l ,  
because th e  m olecu la r  background a b s o r p t i o n  were e s s e n t i a l l y  t h e  same as 
th e  co r responding  atomic s i g n a l s  a t  low t e m p e r a t u r e s .  In a d d i t i o n ,  th e  
p rocedure  did  not permi t  th e  c a r e fu l  e v a l u a t i o n  of  t h e s e  compounds s in c e  
l i t t l e  or  no c o n t ro l  of t h e  lower t e m p e ra tu re s  was p o s s i b l e .  Thus, a t  
i n j e c t i o n s  of about 200°C or above,  immediate r e l e a s e  of  t h e s e  v o l a t i l e  
compounds would be eminent  and s u b j e c t  t o  lo s s  th rough th e  opened 
i n j e c t i o n  p o r t .
The sample i n t r o d u c t i o n  procedure  used f o r  th e  f i l t e r  paper  samples 
s t i l l  needed p e r f e c t i n g  s in c e  they  were r a t h e r  l a rg e  in phys ica l  s i z e  
and t h e r e f o r e ,  not  l o c a l i z e d  w i th in  t h e  t u b e .  As was mentioned e a r l i e r  
in  t h e  Experimental s e c t i o n ,  a l l  samples needed t o  be p r e c i s e l y  p laced  
w i th in  t h e  v o l a t i l i z a t i o n  s e c t i o n .
Two d i f f e r e n t  sample d i s p e n s e r s  were used with t h e  PE*403 system:  
a 10 y t  p ip e t  and a commercial ly a v a i l a b l e  d i s p o s a b le  one,  each having
a p p r o p r i a t e  " p lu n g e r s " ,  as  d e s c r ib e d  1n t h e  Equipment s e c t i o n .
F igure  67 shows th e  q u a l i t a t i v e  and s e m l q u a n t i t a t i v e  r e s u l t s  
o b ta in e d  with  f i l t e r  No. 1. Superimposed on t h e  l a r g e r  s ig n a l  i s  t h a t  
produced by 3 y t  of  t h e  s a t u r a t e d  s o l u t i o n  o f  PbO (which was shown 1n 
f i g u r e  4 2 ) .
I t  was thought  t h a t  t h e  form of t h e  lead  was th e  o x id e ,  as  th e  
a s s ig n e d  te m p e ra tu re s  te nded  t o  I n d i c a t e .  To a f i r s t  approx im at ion ,  i t  
was e s t im a te d  t h a t  th e  lead  p a r t i c u l a t e  c o n c e n t r a t i o n  in  t h e  a i r  f o r  
t h a t  sample was about  0 . 1-1 y g/m , which was w i th in  th e  range 
c o n s id e re d  normal f o r  ambient a i r .  This  r e s u l t  was a r r i v e d  a t  from the  
s o l u b i l i t y  of  PbO in w ate r  which produced 50 ng of l e a d ,  as t h e  
monoxide.  Comparing t h e  a rea s  in a bso rbances ,  and t h e  f r a c t i o n  of  t h e  
f i l t e r  paper sample used f o r  a n a l y s i s ,  one a r r i v e s  a t  a f i g u r e  of about
O
0 .3  y g/m f o r  th e  l a r g e r  sample,  i . e . ,  us ing  t h e  d i s p o s a b le  p i p e t ,  and 
about  0 .6  y g/m^ us ing  th e  10 y t  p i p e t .
3C,2.  Cadmium.
The same procedure  was used in th e  a n a l y s i s  f o r  cadmium us ing th e  
PE system as f o r  t h e  lead  but no cadmium was d e t e c t e d ,  which was 
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Lead in  A ir  P a r t i c u l a t e s  Using th e  PE-HGA; (a)  sample o f  10 
p i p e t ;  (b) o f  d i s p o s a b le  p i p e t ;  (c )  blank f i l t e r .  Superimposed 
on th e  r e s u l t s  seen  in  (b) i s  the  a b s o r p t i o n  t r a c e  o f  the lead  
o x id e ,  us ing  t h e  PE f u rn a c e .  E x t r a p o la t i o n  o f  th e s e  r e s u l t s  in
(a )  and (b) i n d i c a t e d  t h e  p resence  o f  0.1 -  1 ug/m3 o f  l e ad  in 
t h e  a i r .
4. GENERAL DISCUSSION.
4A. Advantages of  t h e  Two-Stage Atomizer.
The most prominent  v i r t u e  of  t h e  AAS system 1s I t s  a b i l i t y  t o  
c o n t in u o u s ly  moni to r  f o r  m e t a l l i c  c o n s t i t u e n t s  o f  a sample t h a t  1s 
g r a d u a l ly  being  h e a t e d .  As a r e s u l t ,  t h e  chemical form of t h e  v o l a t i l e  
sp e c ie s  can be i d e n t i f i e d  a t  th e  low te m p e ra tu r e s  a t  which they  evolve  
from t h e  sample.  This e f f e c t  was c l e a r l y  observed with  t h e  metal 
h a l i d e s  1n p a r t i c u l a r .  The lead  s u l f a t e  a l s o  e x h i b i t e d  such a thermal 
d e g ra d a t io n  c h a r a c t e r i s t i c .
In c o n t r a s t ,  o t h e r  AAS systems which a r e  commercial ly a v a i l a b l e  do 
not  have t h i s  c a p a b i l i t y  because of  t h e i r  fu rnace  d es ig n .  The samples 
t h a t  a r e  v o l a t i l i z e d  a t  low te m p era tu re s  w i th in  t h e s e  fu rnace  do not  
atomize a t  th o s e  low t e m p e r a t u r e s ,  have escape  d e t e c t i o n .
Secondly ,  an Impor tan t  c h a r a c t e r i s t i c  of  t h i s  system i s  t h a t  
r e l a t i v e  t o  o th e r  thermal a n a l y s i s  t e c h n i q u e s ,  such as t h e  TGA f o r  
example,  s e n s i t i v i t i e s  a r e  c o n s id e ra b ly  b e t t e r  us ing  th e  tw o-s tage  
a to m iz e r .  This  p rov ides  f o r  a very d e s i r a b l e  a n a l y t i c a l  a t t r i b u t e .
T h i r d l y ,  s i g n i f i c a n t  r e s u l t s  can be achieved  us ing  t h i s  system. 
However, b e t t e r  c o n t ro l  of  some of t h e  I n s t r u m e n t ' s  o p e ra t i o n a l  
param ete rs  would p rov ide  s t i l l  b e t t e r  r e s u l t s  and in c re a s e d  
r e p r o d u c i b i l i t i e s .
4B. Lead Compounds.
All t h e  s t a n d a r d s  which were analyzed  by AAS were s o l u t i o n s .  In 
a l l  cases  t h e  appearance  of  a s ig n a l  which co in c id e d  with  t h e  oxide was 
obse rved ,  and in a few of t h e s e  o t h e r  peaks were a l s o  d e t e c t e d .
Among th o s e  lead  compounds which only e x h i b i t e d  t h e  same thermal 
d e g ra d a t io n  p a t t e r n  as th e  oxide was t h e  a c e t a t e ,  t h e  c a r b o n a te ,
molybdate and n i t r a t e .  Not unexpec ted ly  t h e s e  oxyanlons of  lead  were 
a l s o  seen t o  decompose t o  the  oxide by TGA.
The d i f f e r e n c e s  1n th e  a b s o rp t io n  t r a c e s  t h a t  were observed  with  
some compounds, such as t h e  c h l o r i d e  f o r  example,  were found t o  be very 
dependent  on c a r r i e r  gas f low r a t e  and h e a t in g  r a t e ,  when t h e  tw o -s ta g e  
a tom ize r  a tom ize r  was used .  The s u l f a t e ,  Io d id e  and c h l o r i d e  e x h i b i t e d  
sharp  s i g n a l s  below 1000°C d i s t i n g u i s h i n g  them from t h e  ox ide .  Thus,  
only t h r e e  of  t h e  compounds ana lyzed  with  t h i s  system, as s o l u t i o n s ,  
s tood  a p a r t  from th e  r e s t .  The major drawback t o  t h e  lack  of  the  
s p e c l a t i o n  c a p a b i l i t i e s  observed f o r  t h e  r e s t  of  th e  compounds l i e d  in  
t h e  f a c t  t h a t  they  were in t ro d u ced  as l i q u i d s  -  whether  as s t an d a rd  
c o n c e n t r a t e d  s o l u t i o n s ,  o r  as s a t u r a t e d  ones ,  f o r  th e  I n s o lu b le  s a l t s .  
The h y d ra t ion  of  t h e  lead  1ons r e s u l t e d  in  t h e  fo rmat ion  of  oxides  of 
lead  upon h e a t in g  th e  samples.
Using t h e  PE*403 system two i n s o l u b l e  s a l t s  of  lead  where ana lyzed 
which a l s o  showed t h e  d i s t i n g u i s h i n g  f e a t u r e s .  These were t h e  chromate 
and t h e  s u l f i d e .  The thermal a b s o rp t io n  cu rves  of  t h e s e  two compounds 
a l s o  e x h i b i t e d  t h e  oxide s i g n a l ,  a l s o  observed  with  t h e  o t h e r  lead  
s a l t s ,  1n a d d i t i o n  t o  lower t e m p e ra tu re  peaks .  For t h e  chromate a 
s i g n a l  occured a t  800°C and i t s  I n t e n s i t y  was seen t o  be h ig h ly  
dependent  on t h e  sample s i z e  t h a t  was used .  The r e s o l u t i o n  of  t h e  peak 
was observed  t o  I n c r e a s e  with  an in c r e a s e  of  purge gas f low r a t e ,  but  
a l s o  with  a p a r t i a l  lo s s  of  s e n s i t i v i t y .
The lead  s u l f i d e  showed a s i m i l a r  response  t o  t h a t  observed  with  
t h e  chromate us ing  t h e  PE g r a p h i t e  f u r n a c e ,  but t h e  s ig n a l  was a t  
900°C. Analyses of  th e s e  two compounds were not  performed with  th e  two- 
s t a g e  a to m iz e r .  I t  i s  su spec ted  t h a t  two s i g n a l s  would have been
ob ta in ed  f o r  each from s ta n d a rd  s a t u r a t e d  s o l u t i o n .
However, t h e  c h a r a c t e r i s t i c  s i g n a l s  observed  f o r  th e  lead  c h l o r i d e  
and Iod ide  us ing t h e  molybdenum a tom ize r  (a t  about  300°C), and t h a t  f o r  
t h e  s u l f a t e  ( a t  700°C) were not observed when us ing  th e  g r a p h i t e  
f u r n a c e .  I t  1s be l iev ed  t h a t  because th e  s i g n a l s  were a u t o m a t i c a l l y  
background c o r r e c t e d  us ing  th e  l a t t e r  system, t h e  v o l a t i l i z e d  y e t  not  
atomized a n a l y t e  escaped d e t e c t i o n .  The evo lved  gases a t  t h e s e  low 
te m p e ra tu r e s  a r e  not expec ted  t o  be atomized in  t h e  g r a p h i t e  f u rn a c e .
4C. Cadmium Compounds.
The thermal d e g ra d a t io n  c h a r a c t e r i s t i c s  observed with  t h e  cadmium 
compounds e x h i b i t e d  some s i m i l a r i t i e s  with  th o s e  ob ta ined  with  t h e  lead  
s o l u t i o n s .  Namely, t h e  c h l o r i d e  and h a l i d e  showed two s i g n a l s  us ing  the  
tw o -s ta g e  a to m iz e r .  The f i r s t  s i g n a l s ,  a t  about  250°C, were a t t r i b u t e d  
t o  t h e  cadmium h a l i d e  s p e c i e s .  These were not  d e t e c t e d  us ing th e  PE 
system because of th e  low a tom iz a t io n  e f f i c i e n c i e s  a t  th o s e  
t e m p e r a t u r e s ,  and a l s o  because th e  s i g n a l s  were a u t o m a t i c a l ly  background 
c o r r e c t e d .
The peaks observed a t  650° us ing  t h e  tw o -s tag e  a to m iz e r ,  f o r  the  
h a l i d e s  were a t t r i b u t e d  t o  t h e  p resence  o f  ox ides  1n t h e  sample as a 
r e s u l t  of  th e  d i s s o l u t i o n  p r o c e s s e s .  These s i g n a l s  were t h e  only ones 
observed  f o r  th e  cadmium h a l i d e s  us ing  t h e  PE g r a p h i t e  f u rn a c e .
Some oxyanlons of  cadmium t h a t  were ana lyzed  on both AAS systems 
appeared  t o  be i n d i s t i n g u i s h a b l e  from th e  r e s u l t s  ob ta ined  with  t h e  
ox ide .  Among t h e s e  were t h e  a c e t a t e ,  t h e  c a rb o n a te  and t h e  n i t r a t e .
The s u l f a t e  e x h i b i t e d  a t h e rm a l - a b s o r p t i o n  curve s i m i l a r  t o  t h a t  of  th e  
oxide us ing  th e  PE system.  However, in  t h e  non reducing  c o n d i t i o n s  of  
t h e  tw o - s ta g e  a tom ize r  t h e  s igna l  was observed  a t  h ig h e r  t e m p e r tu r e s
t h a n  t h e  o x id e .  I t  was observed a t  1000°C which a l s o  i s  i t s  m e l t ing  
p o i n t .  The TGA curve  did  not  e x h i b i t  any weigh t  lo s s  below lOOC'C. I t  
1s th ough t  t h e r e f o r e ,  t h a t  t h e  v o l a t i l i z a t i o n  o f  t h e  s u l f a t e  from th e  
molybdenum tube  was h igh ly  dependent  on I t s  phase ,  I . e . ,  as  a l i q u i d  a t  
t h e  m e l t in g  p o i n t .  On t h e  o t h e r  hand,  t h e  p resence  o f  g r a p h i t e  seemed 
t o  have c o n s id e ra b ly  a f f e c t e d  t h i s  p rocess  c o n s i d e r a b l y .
The r e s u l t s  t h a t  were o b ta in ed  with  t h e  cadmium s u l f i d e  were a l s o  
unique from t h e  o th e r  compounds in  t h e  f o l l o w i n g .  The a b s o rp t io n  t r a c e  
o b ta in e d  us ing  th e  tw o - s ta g e  a tom ize r  appeared  t o  c o i n c id e  with  t h a t  of  
t h e  o x id e .  At f i r s t  t h i s  was not  t o o  s u r p r i s i n g  c o n s id e r i n g  th e  low 
s o l u b i l i t y  of  t h e  s a l t  and t h e r e f o r e  t h e  h y d ra t i o n  of  a v a i l a b l e  cadmium 
1ons.  But ,  they  a re  l i s t e d  in  t h e  CRC Handbook of  Chemistry and Physics
t o  decompose and sublime a t  s i m i l a r  t e m p e r a t u r e s .  The oxide a t  900-
1000°C and t h e  s u l f i d e  sub l im ing  in  n i t r o g e n  a t  980°C (which i s
a pprox im ate ly  what was observed  from th e  TGA c u r v e ) .
Using t h e  PE system th e  s u l f i d e  e x h i b i t e d  ap p a re n t  
i r r e p r o d u c i b i l i t y .  Yet i t  i s  p o s s i b l e  t h a t  t h e  s i g n a l  observed  as a 
s h o u ld e r ,  o r  a not  well  r e s o lv e d  peak ,  a t  about  800°C was t h e  oxide 
r e s u l t i n g  from h y d ra t i o n  of t h e  io n .  The o t h e r  occur ing  a t  650°C was 
then  p robably  due t o  t h e  s u l f i d e  s p e c i e s ,  t h e  v o l a t i l i z a t i o n  of  which 
had been a f f e c t e d  by t h e  g r a p h i t e .  The Tflpp of  t h i s  l a t t e r  s ig n a l  was 
f a r  below th o s e  observed f o r  t h e  o x id e .
An I n t e r e s t i n g  o b s e rv a t io n  was t h a t  o f  i n c r e a s e d  cadmium metal 
s e n s i t i v i t i e s  when us ing  t h e  I n s o l u b l e  s a l t s  of  t h e  metal  with  t h e  PE 
system.  The s a t u r a t e d  s o l u t i o n s  of  th e  c a r b o n a t e ,  t h e  oxides  and th e  
s u l f i d e  had t o  be d i l u t e d  c o n s id e ra b ly  o th e rw is e  t h e  samples com ple te ly  
absorbed  t h e  a n a l t y i c a l  l i n e  of  t h e  s l i g h t  s o u r c e .  This  phenomenon was
t h o u g h t  t o  be due t o  t h e  d ec reased  v o l a t i l i t y  of  t h e  I n s o lu b le  s a l t s  
which t h e r e f o r e  dec re ase d  t h e  low te m p e ra tu re  l o s s e s  encoun te red  1n th e  
g r a p h i t e  f u r a n c e .  C a l c u l a t i n g  t h e  a b s o l u t e  sens1 t1v1 t1y  o f  t h e s e  
compounds from th e  sample s i z e s  and t h e i r  s o l u b i l i t y  p roduc ts  showed 
t h a t  th e y  were only about  one o rd e r  of  magnitude  away from th o s e  
normal ly accep ted  f o r  cadmium us ing  g r a p h i t e  f u r n a c e s .
4D. Mercury Compounds.
The ana ly se s  of  t h e s e  compounds were performed p r i o r  t o  any shown 
and d i s c u s s e d  In t h i s  d i s s e r t a t i o n .  The h a l i d e s  t h a t  were used showed 
s i m i l a r i t i e s  among them se lves  but  some r e p r o d u c i b i l i t y  problems were 
encoun te red  us ing th e  tw o -s ta g e  a to m iz e r .  The a c e t a t e  and s u l f a t e  a l s o  
showed encouraging r e s u l t s  but  aga in  were b e s e t  with  r e p r o d u c i b i l i t y  
sho r tcom ings .
As a r e s u l t  of t h i s  work,  however, im por tan t  i n s i g h t  was ga ined  in 
t h e  o p e r a t i o n  and e v a l u a t i o n  of t h i s  I n s t r u m e n t .  I t  was n o t i c e d  t h a t  
t h e  sample I n j e c t i o n  t e c h n iq u e  was c r i t i c a l  t o  good r e p r o d u c i b i l i t y  
because t h e  molybdenum was not i so the rm al  when i t  was h e a t e d .  Thus, t h e  
samples needed t o  be p la ced  always a t  t h e  same p l a c e ,  and where t h e  tube  
got t h e  h o t t e s t .  A lso ,  1t  was im por tan t  not  t o  smear t h e  sample w i th in  
th e  metal  t u b e .
Second,  1t was found t h a t  t h e  flow of  t h e  c a r r i e r  gas going th rough 
th e  metal  ana lyz ing  s e c t i o n s  was c r i t i c a l .  T h i rd ,  th e  h e a t in g  r a t e  was 
a l s o  found t o  profoundly  a f f e c t  t h e  r e s u l t s .  F o u r th ,  i t  was r e a l i z e d  
how Im por tan t  i t  was t o  c o n s id e ra b ly  improve th e  t e m p e ra tu re  c a l i b r a t i o n  
p rocedu res  of  t h e  body- thermocouple ,  so as t o  improve r e s u l t  
a c c u r a c i e s .  S i x t h ,  i t  was found nece ssa ry  t o  c l o s e  th e  i n j e c t i o n  p o r t
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a f t e r  sample I n t r o d u c t i o n  1n o rd e r  t o  In s u re  t h a t  t h e  sample went toward 
t h e  a to m iz a t io n  s e c t i o n  and not  be exhaus ted  out t h e  f r o n t  of  t h e  
a t o m iz e r .
Because t h e  o p e r a t i n g  p rocedures  Involved  having t h e  a to m iza t io n  
s e c t i o n  a t  o p e r a t i n g  t e m p e r a t u r e s ,  l i t t l e  c o n t ro l  of  th o s e  of  t h e  
v a p o r i z a t i o n  tube  were p o s s i b l e  whi le  t h e  sample was in t ro d u c e d .  As a 
r e s u l t ,  t h e  mercury s t a n d a rd  s o l u t i o n s  te nded  t o  bo il  and decompose as 
soon as they  were I n j e c t e d .  This s e r i o u s l y  c u r t a i l e d  t h e  p o s s i b i l i t i e s  
of  s p e c i a t i n g  mercury compounds and t h e r e f o r e  no more e f f o r t s  were 
expended toward t h i s  g o a l .
4E. Zinc Compounds.
The TGA curves  of  t h e  s o l i d  s t a n d a rd s  of  z inc  compounds d id  show 
d i f f e r e n c e s  as would normally be ex p ec ted .  However, t h e  same compounds 
i n t ro d u c e d  i n t o  t h e  PE system as s o l u t i o n s  did  n o t .  The r e c u r r i n g  
s ig n a l  t h a t  was observed was t h a t  of  th e  ox ide ,  and was th e  case  w ith  
t h e  a c e t a t e ,  c h l o r i d e ,  chromate and s u l f a t e .  The v o l a t i l i z a t i o n  of  any 
z inc  c h l o r i d e  a t  low te m p e ra tu r e s  escaped d e t e c t i o n  because of  th e  low 
a t o m iz a t io n  e f f i c i e n c i e s  in th o s e  c i r c u m s ta n c e s .
The s e n s i t i v i t i e s  f o r  z in c  were a l s o  not  th o s e  u s u a l ly  accep ted  f o r  
s t a n d a rd  z inc  a n a l y s e s ,  and were a t t r i b u t e d  in p a r t  t o  t h e i r  lo s s  a t  low 
t e m p e r a t u r e s ,  due t o  t h e  high v o l a t i l i t y  t h a t  z inc  has ,  much l i k e  
cadmium.
S e r io u s  r e p r o d u c i b i l i t y  problems were encoun te red  us ing  t h e  two- 
s t a g e  a tom ize r  because  of  t h e  element being p r e s e n t  1n t h e  carbon p ie c e s  
used .  As a r e s u l t  no da ta  was a v a i l a b l e  and no c o r r e l a t i o n  could  be 
made a t  t h a t  t im e .
4F. A ir  P a r t i c u l a t e s .
The r e s u l t s  o b ta in ed  by an a ly z in g  t h e  f i l t e r  samples were 
encou ra g ing ,  1n p a r t l c u a l r  with  regard  t o  t h e  q u a l i t a t i v e  a s p e c t .  Since 
t h e s e  were s o l i d  samples t h e  s ig n a l  which were th ough t  t o  be due t o  
oxide f o r  example,  had t o  be p r e s e n t  as  such 1n th e  samples,  or  as a 
r e s u l t  of  t h e  the rmal  decom posi t ion of  some oxyan lons ,  and not  due t o  
hydra ted  s p e c ie s  as was encoun te red  with  t h e  s t a n d a rd  s o l u t i o n s .
Although f u r t h e r  development o f  an I n t r o d u c t i o n  system i s  needed f o r  
s o l i d  samples and s t a n d a rd s  t h e  r e s u l t s  o b ta in ed  th u s  f a r  p rovide  an 
im por tan t  b a s i s  f o r  t h e  con t inued  development of  t h i s  in s t rum en t  and i t s  
a p p l i c a t i o n s .
5. CONCLUSION.
The most f a v o ra b l e  a t t r i b u t e  of t h e  tw o -s tag e  a tom ize r  1s I t s  
a b i l i t y  t o  d i s t i n g u i s h  th e  chemical form of meta ls  p r e s e n t  1n a 
sample .  Several  s t a n d a rd  s o l u t i o n s  were analyzed  1n o rde r  t o  
e v a l u a t e  t h i s  c a p a b i l i t y  and remarkab le  d i f f e r e n c e s  were 
obse rved .  In p a r t i c u l a r ,  t h e  le ad  h a l i d e  compounds e x h i b i t e d  a 
low te m p e ra tu re  s ig n a l  th a  was c h a r a c t e r i s t i c  of  th e s e  s a l t s ,  
which a r e  not  normally d e t e c t e d  us ing  commercial atomic a b s o rp t io n  
sys tems .  Another lead  compound which e x h i b i t e d  a d i s t i n g u i s h i n g  
f e a t u r e  was th e  lead  s u l f a t e .  A s ig n a l  was observed t h a t  was a l s o  
c h a r a c t e r i s t i c  of t h i s  compound when analyzed  on th e  tw o -s tag e  
a to m iz e r .
Other metal h a l i d e s  t h a t  were used a l s o  e x h i b i t e d  s i g n a l s  
below 350°C. These s i g n a l s  could not  be observed with  t h e  
commercial PE AAS system because th e  v o l a t i l i z a t i o n  occured a t  
t e m p e ra tu re s  t h a t  were too  low f o r  any a tom iz a t io n  t o  t a k e  
p l a c e .  This  was t h e  case  with  some of  t h e  v o l a t i l e  compounds of 
l e a d ,  cadmium and z i n c .  As a r e s u l t  of  t h i s  d e f f i c l e n c y  in th e  PE 
g r a p h i t e  fu rnace  i t s  s e n s i t i v i t i e s  a l s o  s u f f e r  because th e s e  
v o l a t i z e d  p o r t i o n s  escape d e t e c t i o n .  This  shortcoming i s  not  
p r e s e n t  1n th e  tw o -s ta g e  a to m iz e r .
Mercury compounds were a l s o  ana lyzed  with  t h e  tw o - s ta g e  
a to m ize r  y e t  problems with  r e p r o d u c i b i l i t y  were enco u n te red .
These were t h e  r e s u l t  of  t h e  i n i t i a l  d i f f i c u l t i e s  exper ienced  in  
c o n t r o l l i n g  th e  o p e r a t in g  p a r a m e te r s .  In p a r t i c u l a r ,  co n t ro l  of 
t h e  low ( i n i t i a l )  t e m p e ra tu r e s  proved t o  be d i f f i c u l t  and 
t h e r e f o r e  t h e  r e s u l t s  should  only be cons ide re d  as p r e l i m i n a r y .
Attempts t o  a l l e v i a t e  t h e s e  problems were not  under taken  because 
mercury was only one of  th e  many meta ls  t h a t  were of  I n t e r e s t ,  and 
t h e  only one e x h i b i t i n g  such p r o p e r t i e s  a t  t h e  very low 
t e m p e r a t u r e s .
The s e n s i t i v i t i e s  ach ieved  with  atomic a b s o rp t io n  a r e  s evera l  
o rde rs  of  magnitude b e t t e r  than  th o s e  us ing  TGA. Sample s i z e s  
t h a t  a re  re q u i re d  fo r  th e  the rm ograv lm e t r ic  ana lyse s  a re  1n th e  
o rde r  of  m i l l ig ram s  and a re  co n s id e ra b ly  l a r g e r  than  th o s e  used 
w i th  atomic a b s o r p t i o n .  Thus,  t h e  tw o -s ta g e  a tom ize r  has a 
d i s t i n c t  a n a l y t i c a l  advantage  over  TGA 1n t h i s  r e s p e c t ,  in  
a d d i t i o n  t o  i t s  s p e c l a t l o n  c a p a b i l i t i e s .
The r e s u l t s  ob ta ined  with  th e  tw o -s tag e  a tom ize r  c l e a r l y  
i n d i c a t e d  th e  presence  of oxides  1n th e  samples t h a t  were 
in t roduced  as s o l u t i o n s .  I t  1s b e l i e v e d  t h a t  t h i s  was th e  r e s u l t  
o f  th e  hyd ra t io n  p rocess  t a k in g  p lace  dur ing th e  d i s s o l u t i o n  of  
th e  samples.  Thus, when th e  s p e c ie s  were hea ted  th e  format ion  of  
oxides  was I n e v i t a b l e .
I t  1s e s s e n t i a l  in  s p e c l a t i o n  tha  t h e  chemical form o f  th e  
metal not  be d i s t u r b e d  p r i o r  t o  t h e  a n a l y s i s .  Consequent ly ,  us ing  
s t a n d a rd  s o l u t i o n s  posed l i m i t a t i o n s  and s o l i d  s t a n d a rd s  need to  
be used .  However, because of  the  high s e n s i t i v i t y  of atomic  
a b s o rp t io n  th e s e  were d i f f i c u l t  t o  use s in c e  small enough samples 
could  not be p ro p e r ly  I n j e c t e d .  The need f o r  an adequa te  system 
t o  handle  such a small samples has t o  be developed .
Samples of  a i r  p a r t i c u l a t e s  were analyzed  f o r  lead  us ing  t h e  
tw o -s ta g e  a tom ize r  and encouraging  r e s u l t s  were o b t a in e d .  Namely, 
s i g n a l s  were observed a t  d i f f e r e n t  t e m p e ra tu re s  su g g es t in g  th e
p resence  of  oxides  and p o s s i b ly  some s u l f a t e .  However, more 
d e f i n i t e  co n c lu s io n s  could  not  be drawn a t  t h a t  t ime because some 
o p e r a t i n g  param eters  were d i f f i c u l t  t o  c o n t r o l .
Other rea l  s o l i d  samples w i l l  be analyzed  with  t h i s  system 
w i th  th e  a b i l i t y  of  d i s t i n g u i s h i n g  th e  chemical forms of  th e  
in o rg a n i c  m e t a l l i c  c o n s t i t u e n t s .  Samples which w i l l  be of 
I n t e r e s t  in c lu d e  th o s e  from t h e  f i e l d  of  metal c o r r o s i o n ,  as well 
as envi ronmenta l  p o l l u t i o n .
PART II
LASER INFRARED FLUORESCENCE AS A GC DETECTOR
1. INTRODUCTION.
P ionee r ing  work performed in  t h e s e  l a b o r a t o r i e s  in  t h e  l a t e  s i x t i e s
was a major c o n t r i b u t i n g  f a c t o r  in e s t a b l i s h i n g  t h e  o b s e rv a t io n  of  l a s e r
induced i n f r a r e d  f l u o r e s c e n c e .  I t  was f i r s t  observed  in  t h e  wavelength
region of  3 t o  16 urn with  e t h a n e ,  propane and a c e to n e ,  by Robinson e t  
1
a l . as  e a r l y  as 1968 (even though th e s e  d id  not  d i r e c t l y  absorb  th e  
l a s e r  r a d i a t i o n . )  In l a t e r  s t u d i e s  us ing t h e  same l a s e r - i n f r a r e d  system 
numerous o t h e r  f l u o r e s c e n c e  s p e c t r a  were r e p o r t e d ,  abso rb ing  a t  10 .6
1 1  ? 7y m . t o , i t /  s e v e ra l  p o s s i b l e  f l u o r e s c e n c e  mechanisms were sugges ted  t o  
account  f o r  t h e  observed  phenomena. At t h a t  t ime e f f o r t s  were being 
made to  measure a i r  p o l l u t i o n  c o n c e n t r a t i o n s  r em ote ly .  There was a 
g r e a t  p o t e n t i a l  advan tage in  remote ly  m on i to r ing  s t a c k  plumes and 
p o l l u t i o n  l e v e l s  over c i t i e s ,  and o t h e r  remote a r e a s .
Thermally e x c i t e d  I n f r a r e d  emiss ion  of  SOg and COg had been 
i n v e s t i g a t e d  by Low and C lancy . 128 T he i r  r e s u l t s  were not  q u a n t i t a t i v e  
however,  because of  t h e  lack  of in fo rm a t ion  concern ing  t h e  sample 
t e m p e r a t u r e .  This  was p a r t i c u l a r l y  e l u s i v e  in  b i l lo w in g  s tack  plumes 
which have widely vary ing  t e m p e r a t u r e s .  S ince  emiss ion  i n t e n s i t y  
depends on t e m p e ra tu r e  and c o n c e n t r a t i o n ,  no u s e fu l  q u a n t a t i v e  da ta  were 
d e r iv e d .
Laser  Induced I n f r a r e d  f lu o r e s c e n c e  was proposed f o r  t h e  remote 
sen s in g  of  atmospher ic  p o l l u t a n t s .  In t h i s  case  f l u o r e s c e n c e  i n t e n s i t y  
depended on l a s e r  power -  a measurable  q u a n t i t y .  In 1974, Robinson and
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Dake r e p o r t e d  an e v a l u a t i o n  of  a h y p o th e t i c a l  I R - l a s e r  remote s en s in g
a p p a r a t u s .  They o u t l i n e d  th e  c h a r a c t e r i s t i c s  of  such a system f o r
d e t e c t i n g  a c o n c e n t r a t i o n  of  10 ppm o f  e t h y l e n e  a t  a 100 km range ,  or
19Q0.1 ppm a t  a range of  10 Km.
These r e p o r t e d  c a p a b i l i t i e s  f o r  a l a s e r  induced f l u o r e s c e n c e  system 
f o r  th e  remote s ens ing  were very encou rag ing .  The concept  of  us ing  IR- 
f lu o r e s c e n c e  as a gas chromatographic d e t e c t o r  was a l s o  conce ived  a t  
t h a t  t im e .  Remote sens ing  took precedence  however,  because of  th e  need 
f o r  such a system t o  be deve loped ,  and made widely a v a i l a b l e  f o r  a i r  
p o l l u t i o n  m o n i to r in g .  Some p ub l i she d  r e s u l t s  were p a r t  of  t h e  
a u t h o r ' s  M a s te r ' s  degree  t h e s i s  was e n t i t l e d ,  in p a r t ,  "The Remote 
Sens ing of  A ir  P o l l u t a n t s  by IR Induced F luorescence  with  a CO2 
L a s e r " . ^  S h o r t ly  a f t e r  th e  complet ion  of  t h e s e  p io n e e r in g  s t u d i e s  t h e  
Chemistry Department was moved t o  a d i f f e r e n t  f a c i l i t y  which did  not 
a l low f u r t h e r  work in  t h i s  a r e a .  Hence, th e  t ime t o  develop  th e  gc 
d e t e c t o r  became p r o p i t i o u s  and e f f o r t s  were then  d i r e c t e d  toward t h i s  
t a s k .
An i n f r a r e d  l a s e r  f lu o r e s c e n c e  d e t e c t i o n  system f o r  gc has t h e  
p o t e n t i a l  c a p a b l i l i t y  of  p e r m i t t i n g  t h e  i d e n t i f i c a t i o n  and 
c h a r a c t e r i z a t i o n  of  gc e l u a n t s  in s i t u .  This coupl ing  would p rov ide  a 
break th rough in  improving I n s t r u m e n t a t i o n  f o r  r a p id  s e p a r a t i o n  and 
i d e n t i f i c a t i o n .
Chromatography has become a v i t a l  component 1n many l a b o r a t o r i e s  
f o r  sample c h a r a c t e r i z a t i o n  by s e p a r a t i n g  i t  i n t o  f r a c t i o n s .  These 
f r a c t i o n s  have been d e t e c t e d ,  and i d e n t i f i e d  by many d i f f e r e n t  
approaches  u se ing  combinat ions  such as GC-MS, GC-UV and GC-IR. The use 
of  l a s e r s  has not  been w idespread ,  and a review of t h a t  f i e l d  f o l l o w s .
IA. Non-IR Chromatography Laser Detectors.
Since  t h i s  p r o j e c t  1s concerned  with  l a s e r  induced  IR f l u o r e s c e n c e  
we s h a l l  r e s t r i c t  out d i s c u s s io n  t o  systems us ing  l a s e r s .  Lasers  a r e  
f a s t  becoming most widely  used sources  of  l i g h t  -  mostly because of  
t h e i r  c o l l im a te d  beams, t h e i r  monochromat lc i ty as well  as  t h e i r  s t r o n g  
1r r a d i a t i v e  power and temporal  r e s o l u t i o n  we s h a l l  r e s t r i c t  our 
d i s c u s s i o n  us ing  l a s e r s .
In a r e c e n t  example,  B o u t i l i e r  and co -w orkers*3^,  r e p o r t e d  a system 
which could  be used t o  d e t e c t  non v o l a t i l e  f l u o r e s c e i n  d e r i v a t i v e s .  In 
t h e i r  o n - l i n e  approach ,  t h e  HPLC e l u e n t s  were s u c c e s s i v e l y  ana lyzed  by 
UV-absorption and UV-fluorescence ,  as well  as  by coheren t  a n t i - S t o k e s  
Raman spec t ro scopy  (CARS). Only in  t h e  l a t t e r  a n a l y s i s  was a l a s e r  
used .  The i r  method was f a r  from being r e f i n e d  a t  t h e  t ime of  
p u b l i c a t i o n ,  y e t  t h i s  approach ho lds  g r e a t  promise in  th e  
c h a r a c t e r i z a t i o n  of non v o l a t i l e  samples .
High s e n s i t i v i t i e s  can be ach ieved  with  t h e  use of  l a s e r  Induced
UV-f luorescence ,  as was demonst ra ted  by Diebold and Zare.*® They
focused  t h e  u l t r a v i o l e t - b l u e  He/Cd l a s e r  beam onto  an HPLC e l u e n t  drop 
w i thou t  t h e  use of  a c e l l ,  and o b ta in ed  a d e t e c t i o n  l i m i t  of  0 .75 pg f o r
a f l a t o x i n s .  (These a r e  t o x i n s  produced by a fungus o r  mold; a f l a t o x i n s
a r e  s u sp e c ted  t o  be c a r c i n o g e n i c ) .  Another such example of  extreme 
s e n s i t i v i t y  was r ep o r te d  by J o s e f s s o n  e t  a l . * 33, who used a krypton 
l a s e r  focused  onto  a f r e e  f a l l i n g  drop e l u t e d  from a conven t iona l  HPLC 
column, or  a microcolumn. The l a s e r  Induced f lu o r e s c e n c e  system was 
capab le  of  measuring f l u o r a n t h e n e  with  a d e t e c t i o n  l i m i t  of  20 f g .
D e tec t io n  l i m i t s  which were s e v e ra l  o rd e r s  o f  magnitude h ig h e r  than  
t h e  above examples were o b ta in e d  by o t h e r  workers  us ing  a s u b m i c r o l i t e r  
f low - th rough  c u v e t t e  which was based on t h e  s h e a th - f lo w  p r i n c i p l e . 134.
At t h e  c u v e t t e ,  t h e  f low r a t e  was a d j u s t e d  t o  0 .26 ml/m1n (having  a back 
p r e s s u r e  of  14 atm) w i th  a need le  va lve  connected 1n p a r a l l e l  with  the  
f low going I n t o  th e  c e l l  I n l e t .  Thus,  having a l am inar  f low (Reynolds 
number of  about  42) d id  not  produce mixing of  t h e  sample f low with  t h e  
s h ea th  s o l v e n t ,  and d e t e c t i o n  l i m i t s  of  ca .  0 .15 ng were ob ta ined  us ing  
p o r p h y r i n s .  Sepaniak and Yeung13^ have used l a s e r  induced two-photon 
e x c i t a t i o n  f l u o r l m e t r y  with  HPLC t o  i n c r e a s e  t h e  s e l e c t i v i t y  of  t h e i r  
d e t e c t i o n  system. This s e l e c t i v i t y  was mostly a r e s u l t  of  s p e c t r o s c o p i c  
s e l e c t i o n  ru l e s  1n t h e  two photon a b s o r p t i o n  mechanism. The 
d i s ad v an tag e  s u f f e r e d  in  s e n s i t i v i t y  by t h e  gain  in  s e l e c t i v i t y  was 
p a r t i a l l y  recovered  when c o n s id e r in g  t h a t  t h i s  ty p e  of  f l u o r e s c e n c e  w i l l  
not  occur  near  th e  Rayle igh  f r e q u e n c i e s ,  and t h e r e f o r e  n e i t h e r  Rayleigh 
nor Raman s c a t t e r i n g  i n t e r f e r e d .  A good review a r t i c l e  concern ing  l a s e r  
f l u o r i m e t r y  in  l i q u i d  chromatography has a l s o  r e c e n t l y  been pub l i shed  by
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t h e  same a u t h o r s .
A s t i l l  d i f f e r e n t  approach was t h e  one used by Klimcak and 
Wessel136 t o  measured po lya rom at ic  hydrocarbons  (PAH) by resonance  
enhanced 2-photon p h o t o i o n i z a t i o n .  They used a l a s e r  t o  Induce 
i o n i z a t i o n  and measured th e  e l e c t r o n s  e j e c t e d  by t h e  PAH's with  a 
p r o p o r t i o n a l  co u n te r  d e t e c t o r ,  with  a d e t e c t i o n  l i m i t  of  about  10 pg.  
Zare  137 a l s o  r e p o r te d  t h e  d e t e c t i o n  of a f l a t o x i n s  a t  sub-nanogram 
l e v e l s ,  by us ing  l a s e r  induced f l u o r e s c e n c e  coupled w i th  TLC. Other 
a p p l i c a t i o n s  of  l a s e r s  a r e  c o n t in u o u l s y  being  sought and emerging,  
p ro v id in g  a r a t h e r  broad hor izon  of  a l t e r n a t i v e s .
IB. Chromatography Detectors using IR.
I n f r a r e d  spec t roscopy  has been l i m i t e d  f o r  a long t ime by th e  
r e l a t i v e  lack of  s e n s i t i v i t y .  However, with  t h e  advent  of  IR l a s e r s  
t h i s  t e ch n iq u e  has f l o u r i s h e d  c o n s id e r a b ly .  Improvement 1s a l s o  due t o  
more s e n s i t i v e  IR d e t e c t o r s  which a r e  now a v a i l a b l e ,  namely, t h e  
t r i g l i c y n e  s u l f a t e  d e t e c t o r  (TGS) among t h e  p y r o e l e c t r i c  d e t e c t o r s ,  and 
t h e  cooled I n f r a r e d  d e t e c t o r s ,  examples of  which inc lude  t h e  
pho toconduc t ive  and p h o t o v o l t a i c  mercury cadmium t e l l u r l d e  d e t e c t o r s  
(MCT). But with  more powerful sources  ca re  must be taken  1n t h e  
s t a n d a rd  a b s o r p t i o n  te ch n iq u es  t o  p reven t  p o s s i b l e  damage of  th e s e  more 
s e n s i t i v e  d e t e c t o r s .
When coupled t o  chromatography,  i n f r a r e d  has been used in  I t s  
va r ious  modes. Some examples inc lude  t h a t  of  Alt and Szekely in  which 
they  used TLC-IR a b s o r p t i o n 188. In t h e i r  system, samples of  dyes and 
t h e i r  I n t e r m e d ia t e s  were s e p a ra t e d  us in  a TLC p l a t e  and subsequen t ly  
ana lyzed  th e  s e p a r a t e d  f r a c t i o n s  by IR a b s o rp t io n  us ing  t h e  KBr p e l l e t  
t e c h n iq u e .  Liquid  chromatography has a l s o  been used in  con junc t ion  with 
IR d e t e c t i o n  systems as r e p o r t e d  by V id r ine  and M att son . 8 In t h e i r  
p r e l i m i n a r y  work they  used gel permeat ion t o  look a t  0 .5  y g l e v e l s  of 
p a r a f f i n  o i l  1n samples .  T he i r  d e t e c t i o n  system c o n s i s t e d  of  a f o u r i e r  
t r a n s f o r m  I n f r a r e d  in s t rum en t  (FTIR) t o  measure t h e  p a r a f f i n  o i l  in 
r e a l - t i m e .
D i f fu se  r e f l e c t a n c e  FTIR has been used with  HPLC by Kuehl and 
G r i f f i t h s . "  They were ab l e  t o  measure sub-microgram l e v e l s  of  
azobenzene Isomers with  t h e i r  method which Involved  a somewhat 
e l a b o r a t e ,  computer  c o n t r o l l e d  I n t e r f a c e  between th e  sample s e p a r a t i o n
and a n a l y s i s .  The e l u e n t s  In t h i s  system were c o l l e c t e d  in  KC1 f i l l e d  
cups f i t t e d  on a d i s c ,  from which t h e  s o lv e n t  was subse quen t ly  
ev ap o ra ted  and fo l lowed by t h e  IR measurements.  O ther  HPLC-FTIR 
a p p l i c a t i o n s  a r e  a l s o  found 1n l i t e r a t u r e  but have not  been as  
f r e q u e n t l y  r e p o r t e d  as o t h e r  systems which have coupled gc t o  i n f r a r e d .
The use of  i n t e r f e r o m e t r y  with  IR was f i r s t  proposed in  1966 by 
Low^® and has grown t o  play  a very Impor tan t  p a r t  in  t h e  
i n s t r u m e n t a t i o n  of numerous l a b o r a t o r i e s  and p rov id ing  c o n s id e r a b le  
Improvements in  s e n s i t i v i t y  l e v e l s .  The a p p l i c a t i o n s  of  FTIR-GC has 
mushroomed in  t h e  l a s t  decade.
In a genera l  overview a r t i c l e  C offey1^ 1 d e s c r i b e s  t h e  system and 
methodology.  An MCT d e t e c t o r  i s  most o f t e n  used because of  i t s  
a v a i l a b l e  s e n s i t i v i t y  which i s  very advan tageous  in FTIR systems s in c e  
they  o p e ra t e  in  t h e  a b s o rp t io n  mode, w ith  conven t iona l  s o u r c e s .  The 
i n t e r f a c i n g  of  FTIR with  t h e  GC i s  somewhat c r i t i c a l  because t h e  
connec t ions  must be such t h a t  e l u a n t  r e s o l u t i o n  i s  not l o s t .  The l i g h t  
p ipe  (or  a b s o rp t io n  c e l l )  must a l s o  be as long as p o s s i b l e  t o  i n c r e a s e  
s e n s i t i v i t y ,  s in c e  a b s o r p t i o n  i s  p r o p o r t i o n a l  t o  t h e  path l e n g th .  
Consequen t ly ,  most l i g h t  p a th s  a r e  small  in  d ia m e te r ,  having vary ing  
l e n g t h s .  One d i f f i c u l t y  t h a t  a small c e l l  p r e s e n t s  i s  t h e  a b i l i t y  t o  
focus  th e  i n f r a r e d  beam on to  t h e  e n t r a n c e  window; t h e s e  themse lves  have 
t o  be u n a f f e c t e d  by th e  chem icals  being used as well as t h e  su r round ing  
atmosphere  (humid ity  in  p a r t i c u l a r ) .  Many of t h e s e  shor tcomings  have 
been s a t i s f a c t o r i l y  r e s o lv e d  in the  commercial ly  a v a i l a b l e  
in s t r u m e n t s .  Another very good review a r t i c l e  by Erickson concern ing  
GC-FTIR was p u b l i sh e d  in  1979.^
F o u r i e r  t r a n s fo rm - IR  has been s u c c e s s f u l l y  a p p l i e d  t o  samples
e l u t i n g  from c a p i l l a r y  GC columns.^ * 142 The development of  double beam 
FTIR has a l s o  been f r u i t f u l  1n a ch iev in g  th e  r e d u c t io n  of  background 
n o i s e ,  as  well as  i n c r e a s i n g  s e n s i t i v i t y . 142*143 Another FTIR 
a p p l i c a t i o n  1s t h a t  r e p o r t e d  by Wilkins  and co-w orker ,  1n which they  
were s u c c e s s fu l  1n t h e i r  I n i t i a l  a t t e m p t s  a t  complementing GC-FTIR 
In fo rm at ion  with  an o n - l i n e  high r e s o l u t i o n  MS. 23
In a l l  t h e  p r e v io u s l y  mentioned approaches  us ing  IR as d e t e c t i o n  
sys tem s ,  i n f r a r e d  l a s e r s  were not  Inc luded  and th e s e  have in f a c t  not 
been coupled  with  gc t o  any l a rg e  e x t e n t .  The most Impor tan t  advantages  
as IR sources  In c lu d e  t h e i r  power d e n s i t y ,  and t h e i r  wavelength 
t u n a b i l i t y ,  which would then  exempt th e  d e t e c t i o n  systems from having t o  
use i n t e r f e r o m e t e r s ,  as well  as any energy d i s p e r s i n g  d e v i c e s ,  such as 
monochromators. I n f r a r e d  l a s e r  t u n a b i l i t y  has however, a l s o  been an 
impairment t o  t h e  s u c c e s s fu l  wide a p p l i c a t i o n  of I R - l a s e r s  as  d e t e c t o r s ,  
s i n c e  t h e i r  s p e c t r a l  range a r e  1n f a c t  l i m i t e d .  I t  should  be mentioned 
t h a t  remarkable improvements have been ach ieved  in  t h e  l a s t  few y e a r s  
w i th  f r e e  e l e c t r o n  l a s e r s ,  p ro v id in g  a broad wavelength  range of  
t u n a b i l i t y ,  as well  as d iode l a s e r s ,  f o r  example lead  s a l t s ,  which a r e  
r e p o r t e d l y  tu n a b le  in  th e  IR reg ion  between 3 and 30 pm.
One example us ing  an IR laser-GC system has been r e p o r t e d  by Lin e t  
a l . 144, 1n which they  used a he te rodyne  d e t e c t i o n  system having a 
t u n a b l e  C02 l a s e r  t o  o v e r l a p  an a b s o r p t i o n  band of  t h e  e l u t i n g  s o l u t e .  
With t h i s  p rocedure  they  ach ieved  d e t e c t i o n  l i m i t s  of  1 pg f o r  SFg. 
Another example in  which a C02 l a s e r  was s u c c e s s f u l l y  used i s  p r e s e n te d  
by Kreuzer143 1n which th e  GC d e t e c t i o n  system i s  based on l a s e r  
o p t o a c o u s t i c  s p e c t ro s c o p y ,  o b t a in in g  pg l e v e l s  f o r  d e t e c t i o n  l i m i t s  of  
e t h y l e n e  and 2 -pen tanone .  One drawback t o  t h i s  l a t t e r  approach was t h e
lack of se lec t iv ity .
1C. Proposed I n f r a r e d  Fuorescence D e te c t io n .
Laser  Induced I n f r a r e d  f lu o r e s c e n c e  has been s t u d i e d  f o r  s e v e ra l
y e a r s  1n th e s e  l a b o r a t o r i e s  1n an e f f o r t  t o  develop a system f o r  remote
s e n s in g ,  and one which could se rve  as a gc d e t e c t o r .  The r e s u l t s
ob ta ined  dur ing  th e s e  e a r l y  s t a g e s  in c lu d e  r ec o rd in g  th e  induced
f l u o r e s c e n c e  from dozens of compound and looking  a t ,  i n t e r f e r e n c e
s t u d i e s ,  as  well as l i f e t i m e  measurements of  some e x c i t e d  m o lecu le s .  
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This phenomenon of l a s e r  f lu o r e s c e n c e  a l lowed t o  observe emiss ion  
a t  s h o r t e r  wavelenghts than  th e  s o u rc e ,  as  well  as  a t  lo n g e r  ones .  
T h e re fo re ,  by us ing  a powerful  CO2 l a s e r ,  in  c o n ju n c t io n  with  a 
s e n s i t i v e  i n f r a r e d  d e t e c t o r ,  i n f r a r e d  f l u o r e s c e n c e  of  gc e l u t a n t s  was 
going t o  be sought  and measured,  and s in c e  t h i s  method was non 
d e s t r u c t i v e  o th e r  complementary o n - l i n e  d e t e c t i o n  system could a l s o  
conce ivab ly  be i n t ro d u c e d .
The purpose of t h e  work was t o  develop an i n t e r f a c e  between a GC 
and a l a s e r  induced I R - f lu o re s c e n c e  d e t e c t i o n  system. The o p t i c s  of a 
p r e v io u s l y  modi fied IR -spec t ropho tom ete r  were used t o  o b ta in  i n f r a r e d  
f lu o r e s c e n c e  s p e c t r a  of  th e  e l u t e d  f r a c t i o n s .  A l t e r n a t i v e l y ,  t h e  
wavelength of  a p a r t i c u l a r  f u n c t i o n a l  group could  be m on i to red ,  s in c e  
f a s t  scanning  was not p o s s i b l e  with  th e  a v a i l a b l e  i n s t r u m e n t a t i o n .
S t i l l  an o th e r  approach used wide band f i l t e r s  t o  s e l e c t  a b roader  energy 
window of  th e  em i t t ed  r a d i a t i o n .
A t ime de lay  measurement of t h e  s ig n a l  w ith  r e s p e c t  t o  t h e  source  
modula t ion  could  a l s o  be used ( i . e . ,  phase s h i f t i n g )  p ro v id in g  a method
f o r  d i s t i n g u i s h i n g  between source  r a d i a t i o n  s c a t t e r  and f l u o r e s c e n c e .  
Phase s h i f t i n g  with  t h e  s ig n a l  a m p l i f i c a t i o n  system would not  p rov ide  a 
s u b s t i t u t e  f o r  an energy d i s p e r s i v e  system,  and t h e r e f o r e ,  could  not 
p rov ide  a method o f  q u a l i t a t i v e l y  I d e n t i f y i n g  compounds.
A f lu o r e s c e n c e  c e l l  had t o  be des igned  t o  meet s eve ra l
r e q u i r e m e n t s .  F i r s t ,  I t  had t o  be i n f r a r e d  t r a n s p a r e n t  and u n a f f e c t e d
by h e a t in g  (1f  i t  absorbed l a s e r  r a d i a t i o n ) .  Second i t  had t o  be I n e r t  
t o  t h e  ambient  atmosphere and chemicals  t h a t  were going t o  be used .  
T h i r d l y ,  t h e  c e l l  had t o  p rov ide  a f l u o r e s c e n c e  window l a rg e  enough t o
p l a c e  a d e t e c t o r  next  t o  1t ,  o r  a l t e r n a t i v e l y ,  p ro v id in g  a l a rg e  s o l i d
a n g le  so t h a t  a g a t h e r in g  m i r r o r  could be used t o  c o l l e c t  and focus  th e  
r a d i a t i o n  onto  t h e  d e t e c t o r .  F o u r th ,  th e  c e l l  had t o  be com patib le  with  
gc param ete rs  such as f low r a t e  and sample s i z e .  F i f t h  t h i s  c e l l  a l s o  
had t o  p r e s e rv e  peak r e s o l u t i o n .
2 .-  EXPERIMENTAL
2A.-  EQUIPMENT.
2A.1 -  L ase rs .
{a) Perk in  Elmer Model 6200 {Quasi -continous  CO2 ) - Operat ing
p
power of  10-28 w a t t s / cm  . P r in c i p a l  l a s i n g  l i n e  of 10.6 jim.
(b) M etro log ica l  Ins t ruments  Model 210 He-Ne l a s e r ,  0 .5  mW. 
(Used t o  a l i g n  t h e  sy s tem . )
2A,2 -  Chopper.
P r in c e to n  Applied Research ,  model 125 mechanical chopper .
Opera t ing  f r e q u e n c i e s  of  13.3 and 26.6 Hz.
2A.3 -  Gas C e l l s .
(a )  A l a r g e  gas c e l l  (with i t s  approximate  d im ens ions ) ,  
d e p i c te d  in f i g u r e  68, was i n i t i a l l y  used in  th e  s t u d i e s .  The l a s e r
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Fig u r e 6 8
Large Gas Cell w i th  IRTRAN Windows. The gases were in t ro d u ced  in t o  
t h e  o p t i c a l  path  of  th e  l a s e r  beam. I n f r a r e d  f l u o r e s c e n c e  was 
c o l l e c t e d  by the  mir ron  and focused  on a d e t e c t o r  p laced  above the  
c e l l .
beam windows and th e  d e t e c t i o n  one,  had IRTRAN II  (ZnS) windows which 
t r a n s m i t t e d  th e  IR r a d i a t i o n  of  i n t e r e s t .  The c e l l  a l s o  inc luded  a 
s h o r t  foca l  l e n g t h ,  f r o n t  s u r f a c e  a lumin ized  concave m i r r o r ,  2 inches  in 
d iam ete r  (and 2 inches  foca l  l e n g t h ) .
(b)  A s m a l l e r  cube c e l l  c o n s t r u c t e d  from IRTRAN II m a te r i a l  i s  
shown in f i g u r e  69. All components were j o i n e d  us ing  Torr  Seal (low 







Cubic IRTRAN C e l l .
The Copper wire was used as s u p p o r t .
2A.4 -  Gas Chromatographs.
Two chromatographs were used:  t h e  f i r s t  was an Aerograph Autoprep,
model A-700 having an 8 f o o t ,  V/j inch,  15% SE-30 (50/80 mesh) column; the  
d e t e c t o r  was a thermal c o n d u c t iv i t y  system.  The second was a Beckman 
6C-II  with  t h e  same column p re v io u s ly  mentioned,  a l s o  having a thermal 
c o n d u c t i v i t y  d e t e c t o r .
2A.5. -  I n f r a r e d  D e te c t o r s .
( a )  Barnes Engineering  model 662 t r i g l y c i n e  s u l f a t e  (TGS) 
p y r o e l e c t r i c  d e t e c t o r  with  an F .E .T .  a m p l i f i e r .  Area: 0.04 cm^,
d e t e c t i v i t y :  8.1 x 10®.
(b) Char les  M. Reeder and Co. thermocouple d e t e c t o r :  RBK-77S
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C s l .  F igu re  70 shows a diagram of  t h e  shape o f  t h e  d e t e c t o r  as  well  as 
t h e  hous ing  t h a t  was b u i l t  f o r  i t  t o  keep ambient  m o is tu re  from 
d e t e r i o r a t i n g  t h e  Csl l e n s .
' / V  •0  rings aluminum
„  D
Csl  lens




Thermocouple with  Csl Lens and Housing t o  P r o t e c t  I t
(c)  Thermocouple/IR-10 a Beckmann IR-10 i n f r a r e d  
s p e c t ro p h o to m e te r  was a l s o  used in  th e  l a t t e r  p a r t  of t h e  s t u d i e s .  The 
d e t e c t o r  which was found in i t  (a Char les  M. Reeder RBK-55S, No. 14620 
with  a Csl l e n s )  was soon changed t o  a PE No. 16676, KBr le ns  
thermocouple (which had been used b e fo re  in an o th e r  i n s t r u m e n t ) ,  because 
i t  was th ough t  t h a t  t h e  former  was not  o p e r a t i n g  p r o p e r l y .
2A.6 -  Laser  Power Meter .
Coherent  r a d i a t i o n  model 201 power m o n i to r .  Maximum capab le  power 
of 100 w a t t s .
2A.7 -  Signal  P ro ces s in g  and Recording Equipment.
( a )  GC system. The s i g n a l s  produced by t h e  Aerograph GC 
system was fed  d i r e c t l y  t o  a Barber-Colman 10 mv p o t e n t i o m e t r i c  
r e c o r d e r ,  model No. 8000-2600.  A l t e r n a t i v e l y ,  a n o t h e r  Barber-Colman 
Wheelco r ec o rd e r  (same model) was used which was p a r t  o f  a Barber-Colman
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model 20 Gas Liquid Chromatographic I o n i z a t i o n  D e tec t ion  System. (This 
r e c o r d e r  was u t i l i z e d  by -p as s in g  I t s  e l e c t r o m e t e r  a m p l i f i e r . )  The 
Beckman GC II  s i g n a l s  r e q u i r e d  t h e  use of  an a d j u s t a b l e  p o t e n t io m e te r  
between t h e  l a t t e r  r e c o rd e r  and i t s e l f .
(b) L a s e r - i n f r a r e d  system.
(1) The l a s e r  power could be fo l lowed  and recorded  i f  th e  
s ig n a l  from t h e  power-monitor  was fed  I n to  a Texas Ins trument dual 
o v e r l a p p in g  pen s e r v o / r i t e r  I I  r e c o r d e r ,  which only  had a 1 mv span .  As 
a consequence of  th e  small  r e c o rd e r  span a H e l ipo t  Corp. p r e c i s i o n  
p o t e n t i o m e t e r ,  model T-10-A, was used t o  t a p  t h e  a p p r o p r i a t e  s ig n a l  
am pli tude  from th e  l a s e r  power moni to r .
(2) All s i g n a l s  produced by t h e  i n f r a r e d  d e t e c t o r s  were fed  t o  
a PAR model 124 lo c k - i n  a m p l i f i e r ,  having a PAR model 116 d i f f e r e n t i a l  
p r e a m p l i f i e r .  Once exce p t ion  was t h e  use of an a m p l i f i e r  b u i l t  by th e  
Chemistry E l e c t r o n i c s  Shop. For a t ime t h i s  was used t o  r e c e iv e  t h e  
s i g n a l s  from th e  TGS d e t e c t o r .  This system was in  o p e ra t io n  when 
e l e c t r o n i c  n o ise  in t h e  l a b o r a t o r i e s  was e x c e s s i v e ,  caus ing  the  phase 
s e n s i t i v e  d e t e c t i o n  system t o  unlock from th e  r e f e r e n c e  ( l a s e r  
modula t ion f r e q u e n c y ) ,  r en d e r in g  t h e  PAR system unusab le .  A diagram of 
t h i s  s u b s t i t u t e  a m p l i f i e r  i s  shown in  f i g u r e  71. Several  r e c o rd e r s  were 
used with  t h e s e  a m p l i f i e r s  but f o r  most of  th e  work th e  dual pen 
s e r v o / r i t e r  I I ,  mentioned above,  was u t i l i z e d .  (As b e f o r e ,  an 
a p p r o p r i a t e  e l e c t r i c a l  system needed t o  be used t o  match s igna l  i n p u t  
and t h e  r e c o r d e r ' s  1 mv span ) .
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Figure 71
E l e c t r i c a l  Digram of th e  
S u b s t i t u t e  A m pl i f ie r  f o r  t h e  D e tec t io n  of  IR F lu o re s cen c e .
2A,8 -  Gas System.
As t h e  s t u d i e s  proceeded and th e  c e l l s  were changed,  th e  gas system 
a l s o  changed c o n s id e r a b l y .  F igure  72 d e p i c t s  t h e  i n i t i a l  s e t  up which 
was used ,  in  which the  exhaus t  of  t h e  gc was connec ted  t o  t h e  l a r g e r  
c e l l  with  over  a foo t  of tygon t u b i n g .  Soon a f t e r ,  t h e  use of  a 
diaphragm pump (Dyna-Vac Pump, model 4K by Cole-Palmer Ins trument Co.) 
was th ough t  t o  be necessa ry  so as t o  draw t h e  gc e l u t i n g  f r a c t i o n s  once 
t h e  had been exposed t o  th e  CO2 l a s e r  beam ( a l s o  shown in  f i g u r e  72).
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Diagram o f  t h e  Gas System used with  t h e  Large Gas C e l l .
With th e  use of th e  IRTRAN II  cub ic  c e l l  t h e  gas system was 
modif ied  f u r t h e r  so as t o  accomodate t h e  use of  a N2/ e t h y l e n e  gas 
s t r eam ,  which was going t o  be used f o r  th e  al ignment of  t h e  o p t i c a l  
system.  F igure  73a d e p i c t s  t h i s  s e t  up,  and p a r t  b shows t h e  f u r t h e r  
m o d i f i c a t i o n s  needed,  because a more adequa te  s to p - f lo w  system was 
n e c e s s a ry  t o  op t imize  t h e  d e t e c t i o n  system. (This was p a r t i c u l a r l y  t h e  
case  when us ing t h e  IR-10 i n f r a r e d  s p e c t r o p h o t o m e t e r . )  These two l a t t e r  
gas systems inc luded  a p r o v i s io n  t o  b r ing  them t o  a tm ospher ic  p r e s s u re  
with  n i t r o g e n .  Once they  d id  reach a tmospher ic  p r e s s u r e  n i t r o g e n  would 
bubble  under w a te r  in  t h e  bubb le r  chamber.  Once n i t r o g e n  was seen t o  
bubble t h e  t h r e e  way valve under t h e  IRTRAN c e l l  was c lo sed  t o  m a in ta in  
t h e  e t h y le n e  sample s t a t i c  and u n p e r tu rb e d .  (Moni toring th e  a b s o rp t io n  
of  t h e  l a s e r  beam showed t h a t  t h e  system was q u i t e  s t a b l e  u n t i l  t h e  
e t h y l e n e  was evacua ted  and p u rg e d . )
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Figure 7 3
Gas System Used w i th  t h e  IRTRAN Cubic Cell (a )  Flowing system;
(b) S t a t i c  system.  These systems prov ided  a source  o f  f lu o r e s c e n c e  
in o r d e r  to  p r o p e r ly  a l i g n  t h e  d e t e c t i o n  system.
2A.9 -  O p t ica l  Arrangements.
( a )  Larger  c e l l .
The foca l  l e n g th  of  focus ing  m i r ro r  of  t h e  c e l l  was such t h a t  
f lu o r e s c e n c e  emanating from w i th in  t h e  l a s e r  beam would be focused 
somewhat above th e  d e t e c t i o n  window of th e  gas c e l l .  T h e re fo re ,  th e  
d e t e c t o r  could not  r e s t  on th e  window i t s e l f  but was f ix e d  above t h e  
c e l l .  A drawback which r e s u l t e d  from t h i s  was t h a t  t h e  s o l i d  angle 
d e s c r ib e d  by th e  m i r r o r  was t r u n c a t e d  a t  t h e  d e t e c t i o n  window. This 
system i s  d e p i c te d  in f i g u r e  72. Opt im iza t ion  with s c a t t e r e d  r a d i a t i o n  
from a w i r e ,  which was in t roduced  w i th in  t h e  c e l l ,  was very d i f f i c u l t  
because t h e  p o s i t i o n  of  t h e  wire  was ex t remely  c r i t i c a l .  This al ignment 
problem accounted  f o r  one of th e  major drawbacks of  us ing t h i s  o p t i c a l  
system.
(b) Cubic IRTRAN c e l l .
F igure  74 d e p i c t s  t h e  o p t i c a l  a rrangements  used with  t h i s  s m a l le r  
c e l l .  O p t im iza t ion  of th e  al ignment was a t tem pted  with  and wi thou t  th e  
use of  a 2 1/ 2" diam concave m i r ro r  (having t h e  a p p r o p r i a t e  foca l  
l e n g t h ) .  This was again  r epea ted  when th e  IR-10 spec t ropho tom ete r  was 
u sed .  This  o p t i m iz a t io n  approach was under taken  us ing  a s c a t t e r  s i t e  as 
well as with  t h e  l a s e r  em ission  from w i th i n  t h e  c e l l .  (The s c a t t e r  s i t e  
which was used was in  t h e  form of  a l e n g th  of  a w ire  ranging  in  d iamete r  
between 0 .16 mm and 1 .0  mm.)
The d i f f e r e n t  diagrams 1n f i g u r e  74 are  q u i t e  e x p l i c i t  and have th e  
m i r r o r  p o s i t i o n s  h i g h l i g h t e d  t o  u n d e r l i n e  d i f f e r e n c e s .  Only in p a r t  (a)  
was t h e  TGS d e t e c t o r  used ,  because soon a f t e r  i t s  s e n s i t i v i t y  dropped
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FIGURE 74
(a )  A m i r ro r  i s  used t o  g a th e r  r a d i a t i o n  em i t t e d  from th e  cube c e l l
and focused back th rough t h e  sample c e l l  t o  t h e  d e t e c t o r .
(b) A thermocouple d e t e c t o r  i s  used and p laced  next  t o  t h e  cube 
c e l l .  The g a th e r in g  m i r r o r  i s  used t o  re focus  t h e  t r a n s m i t t e d  l a s e r  
beam back in t o  t h e  cube c e l l .  This  c o n s id e r a b ly  in c re a s e d  th e  a v a i l a b l e  
r a d i a n t  l a s e r  power.
(c)  The g a t h e r in g  m i r ro r  i s  used to  focus th e  c o l l e c t e d  r a d i a t i o n  
onto  th e  d e t e c t o r  in  an o f f s e t  p o s i t i o n .  This avo ided  th e  r a d i a t i o n  
being focused  from t r a v e r s i n g  the  cube c e l l ,  and e l im i n a t e d  any 
r a d i a t i o n  being blocked by the  edges of  t h e  c e l l .  (Compare with  f i g u r e  
( a ) ) .
(d)  A commercial (modif ied)  in s t rum en t  f i t t e d  with  a thermocouple 
i s  d e p i c t e d .  This in s t rum en t  had p r e v io u s ly  been used t o  o b t a in  th e  IR- 
f lu o r e s c e n c e  s p e c t r a  of  numerous o rgan ic  compounds. The arrangement of 
t h e  e n t r a n c e  s l i t s  and d e t e c t o r  d id  not  al low t o  p la c e  th e  g a t h e r in g
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Figure 7 4
O ptica l  Systems Used w i th  t h e  IRTRAN Cube C e l l ,  (a)  Using th e  TGS 
d e t e c t o r ;  (b)  and (c )  show d i f f e r e n t  a rrangem ents  used w i th  a 
thermocouple d e t e c t o r ,  (d)  System us ing th e  IR-10 in s t ru m en t  as  a 
d e t e c t o r  ( i t  a l s o  had a thermocouple  d e t e c t o r ) .
o f f .  (Also,  t h e  power m e te r  not  only se rved  t o  c o n t in u o u s ly  moni to r  
t h e  l a s e r  power but a l s o  p rov ided  a s ink  f o r  t h e  l a s e r  beam be ing 
t r a n s m i t t e d  th rough  t h e  c e l l . )
2B. -  GASES.
The gases used f o r  t h e  gc were n i t r o g e n  and he l ium,  with  t h e  l a t t e r  
being mostly  used f o r  t h e  o p t i m iz a t io n  of  t h e  gc peak r e s o l u t i o n  when a 
m ix tu re  was I n j e c t e d .  They were o b ta in e d  from Linco ln  Big Three Co . ,  
and Airco I n c . ,  r e s p e c t i v e l y .
Other  gases  Inc luded :
(1) Carbon Dioxide -  C.P.  -  Matheson Co.
(2)  E thy lene ,  C.P.  -  Matheson Co.
(3) Propane,  C.P.  -  Matheson Co.
(4)  Propylene ,  C.P.  -  Matheson Co.
Ethy lene  was t h e  gas of  p r e f e r e n c e  when seek ing  i n f r a r e d  
f l u o r e s c e n c e  because i t  was th e  s t r o n g e s t  a b s o r b e r ,  and e m i t t e r ,  among 
th o s e  which had been analyzed  in  t h e s e  l a b o r a t o r i e s ;  propy lene  was t h e  
second c h o i c e .  They were a l s o  used because a t  room te m p e ra tu r e  th e y  
were gases  making them easy  t o  h a n d le ,  as  well as  s im p l i f y i n g  t h e
p r e p a r a t i o n  o f  known volume c o n c e n t r a t i o n s  ( in  a n i t r o g e n  a tm osphere ) .
N i t rogen  was c leaned  w i th  a c t i v a t e d  charcoa l  and d r i e d  with  s i l i c a  
g e l ,  in  p a r t i c u l a r  toward t h e  end of  t h e  s tudy  because  of th e  
d i f f i c u l t i e s  encoun te red  in  obse rv ing  f l u o r e s c e n c e .
3. RESULTS AND DISCUSSION.
The r e s u l t s  w i l l  be p r e s e n t e d  accord ing  t o  which gas c e l l - d e t e c t o r  
combinat ion was used:  two c e l l s  were u t i l i z e d ,  and f l u o r e s c e n c e  was
sought  w i th  e s s e n t i a l l y  t h r e e  d e t e c t o r s ,  p ro v id in g  fo u r  systems 
a l t o g e t h e r .
3 , A. Large c e l l  -  TGS d e t e c t o r .
The advantage which was th ough t  would be gained  by us ing  t h e  l a r g e r  
c e l l ,  s i n c e  1t had a focus ing  m i r r o r ,  did  not  m a t e r i a l i z e .  The foca l  
l e n g th  of  t h e  m i r r o r  was such t h a t  t h e  d e t e c t o r  had t o  be p laced  above,  
and removed from th e  c e l l .  Another problem was t h e  a l i g n i n g  th e s e  two 
components.  A metal wire  was in t ro d u c e d  I n to  t h e  c e l l  t o  p rov ide  a 
s c a t t e r  s i t e  w i th i n  t h e  l a s e r  beam, in  t h e  reg ion  from where th e  
f l u o r e s c e n c e  was going t o  be c o l l e c t e d  and focused  by t h e  m i r r o r .  This 
d id  not  prove t o  be e a s y .  F i r s t ,  t h e  o p t i m iz a t io n  of  t h e  w i r e - m i r r o r -  
d e t e c t o r  a l ignment system only  a p p l i e d  t o  t h e  small volume w i th in  th e  
c e l l  where t h e  l a s e r  beam r e f l e c t e d  from th e  w i r e .  Secondly ,  s in ce  
s c a t t e r i n g  was h igh ly  d i r e c t i o n a l ,  t h e  w ire  did  not  n e c e s s a r i l y  p rovide  
a s u b s t i t u t e  f o r  t h e  f l u o r e s c e n c e  s o u r c e ,  which i s  i s o t r o p i c .  And 
t h i r d l y ,  t h e  s i z e  of  t h e  TGS d e t e c t i o n  element  was small which s e v e re ly  
l i m i t e d  t h e  amount of  r a d i a t i o n  f a l l i n g  upon i t .
C onsequen t ly ,  use of  t h e  s c a t t e r  s i t e  was d i s c o n t in u e d  and t h e  gc 
e f f l u e n t  was channe led th rough  an 1/ 8" id  t e f l o n  tu b in g  i n t o  t h e  gas 
c e l l .  The t i p  of  t h e  t u b in g  was p la ced  on t h e  edge of  t h e  l a s e r  beam so 
t h a t  no s c a t t e r  would occur  and a l s o  t o  avo id  t h e  t u b in g  from being  
t h e rm a l l y  decomposed. As a r e s u l t ,  t h e  d e t e c t o r  needed t o  be a l ig n e d
w ith  t h e  small  volume of  t h e  la se r -beam j u s t  beyond th e  t e f l o n  tu b in g  
(This 1s d e p ic te d  1n f i g u r e  56) .
I f  t h e  d e t e c t i o n  system was not  p e r f e c t l y  a l i g n e d  then  th e  
appearance  of  t h e  e l u t a n t  would be missed and t h e  only t ime t h a t  
f l u o r e s c e n c e  was observed was when th e  e l u t e d  sample peak f i l l e d  t h e  gas 
c e l l .  However, t h i s  a l s o  p r e s e n te d  a s eve re  s e n s i t i v i t y  l i m i t a t i o n  
because of  t h e  d i l u t i o n  e f f e c t  t h a t  t h e  e l u t a n t  s u f f e r e d  w i th in  t h e  
c e l l .  In a d d i t i o n ,  i f  t h e  gc components l i n g e r e d  w i th in  th e  c e l l ,  
r a t h e r  than  promptly being e x h a u s te d ,  i n t e r f e r e n c e  problems were 
en co u n te red .  A vacuum was a p p l i e d  t o  a l l e v i a t e  t h i s  problem. However, 
f l u o r e s c e n c e  was not  be observed us ing  t h i s  system. I t  was though t  t h a t  
s in c e  t h e  s i z e  of  t h e  gas c e l l  was too  l a r g e ,  a s m a l l e r  one was needed;  
t h e  rea l ignm ent  of t h e  system s t i l l  had t o  be under taken  and t h e  leng th  
of t h e  t u b i n g  from th e  gc t o  t h e  gas c e l l  a l s o  needed t o  be s ho r tened  
c o n s i d e r a b l y .
3,B .  Cube c e l l  -  TGS d e t e c t o r .
One of t h e  predominant c o n s i d e r a t i o n s  in  des ig n in g  t h e  cube IRTRAN 
c e l l  was t o  reduce t h e  s i z e  of  t h e  c e l l  t o  p r e s e r v e  gc peak r e s o l u t i o n .  
However, i t  was necessary  t h a t  i t  remained l a rg e  enough t o  accomodate 
t h e  l a s e r  beam c ro s s  s e c t i o n  e n t e r i n g  th e  c e l l .  I t  was dec ided  t h a t  the  
f a c e s  of  t h e  cube would be one cur  each .  This  was s m a l l e r  than  th e  
l a s e r  beam's one 1n 2 d i a m e te r .  As a r e s u l t  (as  d e p i c te d  in f i g u r e s  72 
and 74) an I r i s  was p laced  in f r o n t  of  t h e  c e l l .  Otherwise t h e  l a s e r  
beam I r r a d i a t e d  th e  edges of  t h e  cube ,  which would subsequen t ly  
d e t e r i o r a t e  t h e  adhes ive  ho ld ing  t h e  c e l l  t o g e t h e r  by th e  excess  l a s e r
h e a t .  Decomposit ion p ro d u c ts  of  t h e  adhes ive  would a l s o  have p re s e n te d  
a d d i t i o n a l  problems.
F igu re  74a shows how t h e  system was s e t  up d l a g r a m a t l c a l l y .  I t  
a l s o  shows how I t  made use o f  an a p p r o p r i a t e  m i r r o r  t o  c o l l e c t  and focus  
t h e  r a d i a t i o n  be ing e m i t t e d  from t h e  c e l l  i n  t h e  o p p o s i t e  d i r e c t i o n  from 
t h a t  going s t r a i g h t  t o  t h e  d e t e c t o r .  (This ar rangement  had a l s o  been 
t r i e d  w i thou t  t h e  use of  t h e  m i r ro r  by p la c in g  th e  d e t e c t o r  up a g a i n s t  
th e  c e l l  window.)
As th e  l a s e r  power t r a n s m i t t e d  th rough  t h e  c e l l  was being 
m oni to red ,  one could observe  s l i g h t  f l u c t u a t i o n s  as t h e  e l u t i n g  
compounds from t h e  gc passed  th rough th e  c e l l .  (The gc thermal 
c o n d u c t iv i t y  d e t e c t o r  s i g n a l s  provided  a t ime r e f e r e n c e  f o r  t h e  
o b s e r v a t i o n  of  t h e  peaks a t  th e  gas c e l l . )  Since t h e  l a s e r  “a b s o r p t i o n  
peaks" were so small one could not be to o  su re  t h a t  f l u o r e s c e n c e  was 
occu r ing  a t  t h a t  p r e c i s e  moment in t ime because t h e  l a s e r  i t s e l f  
e x h i b i t e d  i n h e re n t  i n s t a b i l i t y ,  c r e a t i n g  background l a s e r  power 
f l u c t u a t i o n s .
The only em i t t ed  s i g n a l s  from th e  c e l l  which could  be observed  were 
t h o s e  from a s c a t t e r  s i t e  in t ro d u ced  i n t o  t h e  system f o r  p r e l i m i n a ry  
a l ignment pu rposes .  Even th e s e  were l a t e r  no l o n g e r  seen and th e  
problem was f i n a l l y  t r a c e d  t o  th e  d e t e c t o r  which,  even a f t e r  r e p o l i n g ,  
showed no response  t o  s i g n a l s  p rov ided  under t e s t  c o n d i t i o n s .  
Thermocouple d e t e c t o r s  were subsequen t ly  used with  no s e n s i t i v i t y  
r e s e r v a t i o n s  s in c e  most of  th e  f l u o r e s c e n c e  s p e c t r a  o b ta in ed  in  p rev ious  
work by o th e r s  in t h i s  l a b o r a t o r y ,  were recorded  us ing  an IR-10 i n f r a r e d  
s p e c t ro p h o to m e te r  f i t t e d  with  such a d e t e c t o r .
3,C. Cube c e l l - t h e r m o c o u p le .
The o p t i c a l  arrangement shown 1n f i g u r e s  74b and c were used with  
t h e  thermocouple d e t e c t o r  and t h e  gas system had a very s h o r t  connec tion  
between t h e  gc and th e  c e l l .  In t h e  f i r s t  a t t e m p t s ,  no f l u o r e s c e n c e  
could be observed and th e  s i g n a l s  t h a t  were seen r e s u l t e d  from s c a t t e r  
o f f  a w ire  in  t h e  c e l l  d u r ing  al ignment p ro c e d u re s .  Several  i n j e c t i o n s  
of  about  2-4 cc of  e t h y l e n e ,  going th rough th e  gc system, gave no 
s i g n a l s .
3C.1 Flowing e t h y l e n e  f lu o r e s c e n c e  s o u rce .
A gas system was dev ised  1n which a co n s ta n t  mix tu re  of  a n i t r o g e n -  
e t h y l e n e  s t ream flowed th rough th e  c e l l ,  so t h a t  a l ignment could be 
ach ieved  us ing  a " c o n s ta n t "  source  of  f l u o r e s c e n c e .  This system i s  
d e p i c te d  in f i g u r e  73a. I t  in c luded  a t h r e e  way va lve f o r  t h e  gc,  so 
t h a t  once t h e  components were a l i g n e d ,  t h e  system would not need t o  be 
d i s t u r b e d .  As a r e s u l t  t h e  gas l i n e s  were c o n s id e ra b ly  ex tended ,  but  
t h i s  was d e f i n i t e l y  of  secondary  importance  a t  t h a t  s tage  u n t i l  a c tua l  
gc sample s e p a r a t i o n  became n e c e s s a ry .
The r e s u l t s  ob ta ined  with  t h i s  system were a t  f i r s t  somewhat 
p u z z l i n g .  The l a s e r  power being monitored  a f t e r  t h e  IRTRAN c e l l  showed 
a d ec re a se  w h i le  e th y le n e  was p a s s in g  th rough t h e  c e l l  ( a t  0.5-5% by 
volume flow r a t e ) .  The thermocouple s i g n a l ,  on th e  o th e r  hand,  with  
only  n i t r o g e n  f lo w in g ,  produced a r i s e  in  b a s e l i n e .  However, upon 
i n t r o d u c t i o n  of  e th y le n e  i t  d e c re a se d .  Using t h e  gc r a t h e r  than  t h e  
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In v e r te d  S igna ls  Observed Using Ethylene as th e  Absorber 
in th e  IRTRAN Cube C e l l .
The source  of th e  b a s e l i n e ,  when t h e  l a s e r  was d i r e c t e d  th rough the  
c e l l  c o n ta in in g  only n i t r o g e n ,  was not found t o  be due t o  thermal 
emission  from th e  c e l l  windows (or  w a l l s )  being too  h o t ,  s in c e  coo l ing  
them with  a i r  s treams on th e  o u t s i d e  s u r f a c e s  did not a f f e c t  t h e  
b a s e l i n e .
I f  t h e  sudden drop in b a s e l i n e  t h a t  was due t o  coo l ing  then  any gas 
which would pass th rough  th e  c e l l  would have th e  same e f f e c t :  t h i s
hy p o th e s i s  was t e s t e d  by moni to r ing  th e  b a s e l i n e  as two o t h e r  gases were 
s e p a r a t e l y  i n j e c t e d  i n t o  t h e  system.  The same q u a n t i t y  of  e th y le n e  (a 
s t r o n g  CO2 l a s e r  a b s o r b e r ) ,  propane (a weak a b s o r b e r )  and carbon d iox ide  
(non absorb ing  of th e  CO2 l a s e r  in  I t s  m olecu la r  ground s t a t e )  was 
u sed .  The e th y len e  produced th e  above mentioned sudden drops in  the  
b a s e l i n e  as they  emerged from th e  gc,  w hi le  propane j u s t  s l i g h t l y  
dec reased  th e  b a s e l i n e  and carbon d io x id e  d i d n ' t  a f f e c t  i t  a t  a l l .
The s i g n a l s  from th e  IR d e t e c t o r  t h a t  were observed as b a s e l i n e
due t o  r a d i a t i o n  be ing  s c a t t e r e d  from w i th i n  t h e  c e l l ;  and as t h e  
e t h y le n e  absorbed  t h i s  r a d i a t i o n ,  l e s s  of  1t  was a v a i l a b l e  f o r  
s c a t t e r i n g .
3C,2.  S t a t i c  e t h y le n e  f l u o r e s c e n c e  s o u rc e .
I f  t h e  sudden d ec re ase s  1n b a s e l i n e  which were observed were Indeed 
due t o  t h e  r e d u c t io n  of  s c a t t e r e d  r a d i a t i o n  t h e n ,  a b s o rp t io n  was 
occu r lng  but  f l u o r e s c e n c e  was not  being obse rved .  S ince  t h e  s ig n a l  from 
t h e  gc was t r a n s i e n t  and t h e  f lowing n i t r o g e n  -  e th y le n e  m ix ture  a 
l i t t l e  u n s t a b l e  (presumably due t o  t h e  incomple te  m ix in g ) ,  1t  was 
thought  t h a t  a s t a t i c  gas volume would p rov ide  a b e t t e r  f l u o r e s c e n c e  
source  f o r  f u r t h e r  system a l ig n m e n t .  A "s top  f low" system was s e t  up in 
which a known amount of  e t h y l e n e  was added t o  a known volume of  
n i t r o g e n ,  and then  kept  u n d i s tu r b e d .  F igu re  73b shows a diagram of  t h i s  
system.
With t h e  "s top  f low" approach t h e  gc l i n e  was r ep la ced  with  a 
vaccuum system so as t o  f l u s h  and evacua te  t h e  c e l l  s e v e ra l  t imes  be fo re  
p r e p a r i n g  a volume of gases with  a known c o n c e n t r a t i o n .  In a d d i t i o n ,  
p r o v i s i o n s  were inc luded  t o  c lean  and dry t h e  n i t r o g e n  by us ing  
a c t i v a t e d  ch a rc o a l  and s i l i c a  g e l ,  r e s p e c t i v e l y .  Another f e a t u r e  of  
t h i s  system was t h e  w a te r  bubb le r  chamber, which se rved  as an I n d i c a t i o n  
t h a t  t h e  system had been brought back up t o  a tm ospher ic  p r e s s u r e  when 
t h e  gas c o n c e n t r a t i o n  was being p r e p a re d .  The p rocedure  fo l lowed f o r  
t h e  p r e p a r a t i o n  of  known e t h y l e n e  c o n c e n t r a t i o n  was t o  f i r s t  c l ean  and 
f l u s h  t h e  c e l l  w i th  n i t r o g e n  and e v a c u a t in g  i t ;  t h i s  was fo l lowed  by th e  
i n j e c t i o n  o f  a known volume o f  e t h y le n e  and s u b se quen t ly  f i l l i n g  t h e  
r e s t  of  t h e  volume with  n i t r o g e n ,  up t o  a tm ospher ic  p r e s s u r e .  (The 
volume of t h e  s t a t i c  space was measured b e fo re h a n d ) .
Since  f lu o re s c e n c e  depended on th e  power of  t h e  source  a t  t h i s  
p o in t  t h e  l a s e r  power was In c r e a s e d  by r e c o a t in g  th e  t o t a l l y  r e f l e c t i n g
(back) m i r ro r  of  t h e  l a s e r  w ith  go ld ;  as  a r e s u l t  t h e  power was
9 9In c rea sed  t o  28 w a t t s / cm  from 14-18 w a t t s / c n r .
R e s u l t s  ob ta ined  with  t h e  "stop  f low" system were very s i m i l a r  t o  
th o s e  ob ta ined  with  t h e  cont inuous  flow s e t  up,  even with  t h e  1 c rea sed  
l a s e r  power. The I n i t i a l  b a s e l i n e  d r i f t  ( s c a t t e r )  was l a r g e r  and was 
a t t r i b u t e d  t o  th e  In c re a s e d  l a s e r  power; f lu o r e s c e n c e  was s t i l l  no t  
observed  and gas I m p u r i t i e s  was d i s r e g a rd e d  as being a source  of
problems ( f l u o r e s c e n c e  quenching)  s in c e  t h e  n i t r o g e n  was being
sc rubbed .
Various  c o n c e n t r a t i o n s  of e th y le n e  were used and one could  very 
d i s c e r n i b l y  observe  th e  l a s e r  power being a t t e n u a t e d  by th e  e t h y l e n e ,  
and would remain so u n t i l  t h e  c e l l  was e v ac u a ted .  The d e t e c t o r  was then  
mounted on an x -y-z  a d j u s t e r  and scanned a c ro s s  th e  c e l l  window, or  t h e  
fo cu s in g  volume from th e  m i r ro r  when i t  was u s e d ,  ( f i g u r e  74c) but s t i l l
no f l u o r e s c e n c e  could be observed ,  and only s c a t t e r  from w i th in  t h e  c e l l
was recorded .
S ince  e a r l i e r  workers in  t h i s  group had recorded  numerous i n f r a r e d  
f l u o r e s c e n c e  s p e c t r a  us ing  th e  IR-10 in s t rum en t  i t  was dec ided  t o  use i t  
t o  observe f l u o r e s c e n c e .  Another reason f o r  us ing  t h i s  in s t ru m en t  was 
t h a t  i n f r a r e d  energy d i s p e r s i o n  would be nece ssa ry  once th e  d e t e c t i o n  
system was o p e r a t i n g  p r o p e r l y .  Scanning th e  i n f r a r e d  reg ion  f o r  each 
e l u a n t  was p o s s i b l e ,  though moni to r ing  them a t  f i x e d  wavelengths  t o  be 
more p robab le  us ing  t h i s  system.
3,D. Cube c e l l  -  IR-10 S pec t ropho tom ete r .
The gas system used 1n t h e  p rev ious  s e c t i o n  was a l s o  used with  t h e  
IR-10 ( c f  f i g u r e  73b),  and only th e  o p t i c a l  system changed s l i g h t l y  as 
1s shown 1n f i g u r e  74d. (The d e t e c t o r  t h a t  was found In t h i s  in s t rum en t  
was not  t h a t  r e p o r t e d  in  Katayama's  w o rk .1^ . )
With t h e  g r a t i n g  tu rn e d  t o  t h e  10.6 ym p o s i t i o n  ( the  major emiss ion 
envelope  of  th e  l a s e r )  t h e  cube gas c e l l ,  which was s t i l l  on t h e  x-y-z  
a d j u s t e r ,  was s y s t e m a t i c a l l y  scanned a c ro s s  t h e  e n t r a n c e  s l i t s  t o  
op t im ize  th e  s i g n a l .  However, t h i s  s c a t t e r  emiss ion  s ig n a l  (u s u a l ly  
s t r o n g e r  th a n  f l u o r e s c e n c e  a t  10.6  ym) d id  not  n e c e s s a r i l y  a l i g n  t h e  
sou rce  o f  f l u o r e s c e n c e  reac h ing  with  t h e  d e t e c t o r .  However, as  a f i r s t  
approx im at ion  t h i s  was u s e f u l .  The s top  flow method (with e t h y l e n e )  was 
s u b se q u e n t ly  used t o  a l i g n  t h e  system more c a r e f u l l y .
The r e s u l t s ,  s u r p r i s i n g l y ,  did  not p rov ide  encouraging  in fo rm at ion  
r e g a rd in g  f lu o r e s c e n c e .  The background s i g n a l s  (observed as t h e  
b a s e l i n e  s h i f t )  a t  10 .6  ym were measured,  and were seen t o  dec re a se  with 
t h e  p resence  of  e t h y le n e  in  t h e  c e l l ;  a l s o ,  when th e  i n f r a r e d  reg ion  was 
scanned,  i . e . ,  a t  wavelengths  o t h e r  than  10.6  ym th e  b a s e l i n e  re tu rn e d  
t o  t h e  r e c o r d e r  z e r o .  At t im es  i t  was th ough t  t h a t  some f lu o r e s c e n c e  
had been observed  but  upon r e p e t i t i o n  only  background n o i s e  could be 
found.  Varying t h e  phase of t h e  s ig n a l  a l s o  produced a d ec re a se  of  t h e  
b a s e l i n e  s h i f t ,  s u g g e s t i n g  t h a t  s c a t t e r  was being measured.  (Zero phase 
was s e t  a t  10 .6  ym and w i th  only n i t r o g e n  p r e s e n t  in  t h e  c e l l ;  
maximizing th e  s ig n a l  under  th o s e  c o n d i t i o n s  prov ided  th e  e q u i v a l e n t  of  
z e ro  t ime de lay between modulat ion  of  t h e  source  and th e  measurement of  
t h e  s i g n a l . )
S ince  t h e  ad ju s tm en t  of  t h e  components with  th e  g r a t i n g  a t  10.6 ym
op t im ized  t h e  s c a t t e r  and r e s o n a n t  f l u o r e s c e n c e  s i g n a l s  coming from th e  
IRTRAN c e l l ,  s e t t i n g  th e  g r a t i n g  a t  10 .4 in  would al low t h e  system t o  be 
a l i g n e d  only with  f lu o r e s c e n c e  f a l l i n g  on th e  d e t e c t o r .  This  approach 
was t r i e d  r e p e a t e d ly  but  s t i l l  d id  not  y i e l d  any of  t h e  d e s i r e d
r e s u l t s .  (The l a s e r  power a f t e r  p a s s in g  th rough  th e  c e l l  was
s im u l ta n e o u s ly  r eco rded .  I t  showed I n f r a r e d  a b s o rp t io n  with  e th y le n e  
w h i le  t h e  gas system was s t a t i c . )
Thus, 1t  was th ough t  t h a t  t h e  system was not  f u n c t i o n in g  as 1 t  was 
des igned  t o ,  even when a s t i l l  d i f f e r e n t  thermocouple d e t e c t o r  was 
p laced  1n t h e  IR-10 sp ec t ro p h o to m e te r .  Consequen t ly ,  f u r t h e r  e f f o r t s  
w ith  th e  same system were not thought  t o  be w ar ran ted  s in c e  c o n s id e r i n g  
t h e  c o n c e n t r a t i o n s  used ,  and th e  problems Invo lved ,  1t  became apparent  
t h a t  th e  s e n s i t i v i t y  of  t h e  d e t e c t i o n  sys tem,  as i t  was conce ived ,  would
be i n s u f f i c i e n t  t o  use as a r o u t i n e  gc d e t e c t o r .
An e x p la n a t io n  d e s c r ib e d  more f u l l y  below i s  t h a t  t h e  e x c i t e d  
molecu le s  with  long l i f e t i m e s  were d e a c t i v a t e d  by c o l l i s i o n  b e fo re  they  
f l u o r e s c e d .  Hence, th e  s ig n a l  was very s m a l l .
4.  CONCLUSIONS.
C a l c u l a t i o n s  by p rev ious  workers had shown t h a t  t h i s  method could 
p o s s i b l y  be used 1n remote sen s in g  of a tm ospher ic  p o l l u t a n t s ,  even with  
t h e  c a p a b i l i t y  of  r ang ing ,  I . e . ,  de te rm in ing  t h e  c o n c e n t r a t i o n  in  t h e  
a i r  as  a f u n c t i o n  of d i s t a n c e  from t h e  s o u rc e .  This was s u f f i c i e n t  
s e n s i t i v i t y  1n o rd e r  t o  a t t e m p t  t o  apply t h e  method as a gc d e t e c t o r .
E f f o r t s  a t  t h i s  t ime proved t o  be u n f r u i t f u l  u t i l i z i n g  t h e  
d e s c r ib e d  sys tem,  1n which e t h y l e n e  was be ing used because i t  had been
found t o  be a s t r o n g  IR f l u o r e s c e n t  compound. The f l u o r e s c e n c e  c e l l  was 
des igned  t o  be about  one cubic c e n t im e te r  a t  t h e  f lu o r e s c e n c e  d e t e c t i o n  
I n t e r f a c e ,  but proved t o  be Inadequa te  f o r  any f lu o r e s c e n c e  t o  be 
obse rved ,  eventhough a b s o rp t io n  of  t h e  l a s e r  beam did  o c c u r ,  as  1t  was 
r o u t i n e l y  measured.  P re c a u t io n s  were taken  t o  e l i m i n a t e  p o s s i b l e  
I m p u r i t i e s  1n th e  gas system which would quench f l u o r e s c e n c e  of  e th y le n e  
w i th i n  th e  c e l l .  The l a s e r  power used as t h e  e x c i t a t i o n  source  was 
thought  t o  be s u f f i c i e n t  (up t o  14 wat t s /cm^  chopped,  befo re  p a s s in g  
th rough  t h e  IRTRAN window); v a r io u s  o p t i c a l  a rrangements  were a l s o  used 
t o  p rov ide  an adequa te  system f o r  IR - f lu o re s c e n c e  as a new approach t o  
gc d e t e c t i o n .
L i f e t im es  1n th e  e x c i t e d  s t a t e s  have been p r e v io u s l y  measured,  and 
a t  t h e  modulat ion frequency  of  13 Hz e t h y le n e  was found t o  have a 70 
m i l l i s e c o n d  l i f e t i m e  a t  a 1% c o n c e n t r a t i o n  a t  a tmospher ic  p r e s s u r e  in 
n i t r o g e n 148; c o n c e n t r a t i o n s  of  about  1- 10% were u s u a l l y  used 1n our 
e x p e r im e n t s ,  p ro v id in g  f o r  long l i f e t i m e s  in  t h e  e x c i t e d  s t a t e .  
Consequen t ly ,  i t  i s  th ough t  t h a t  c o l l i s o n a l  d e a c t i v a t i o n  of th e  e th y le n e  
m o le c u le s ,  with  themse lves  and with  t h e  c e l l  w a l l s  was t h e  o v e r r i d i n g  
f a c t o r  in  t h i s  system which p reven ted  us from observ ing  any 
f l u o r e s c e n c e .  An Impass was reached because two opposing f a c t o r s  were 
Im p o r t a n t ,  t h e  f i r s t ,  was t h e  n e c e s s i t y  t o  have a small volume c e l l  in 
o r d e r  t o  m a in ta in  gc r e s o l u t i o n  of  t h e  peaks and second ly ,  t h e  s i z e  of  
t h e  c e l l  needed t o  be l a rg e  f o r  I R - f lu o re s c e n c e  t o  be observed .  As a 
r e s u l t ,  t h e  gas f l u o r e s c e n c e - c e l l  as  des igned  was Inadequa te  f o r  t h e  use 
as a gc d e t e c t o r ,  s u g g e s t in g  t h a t  c o n s i d e r a b l e  m o d i f i c a t i o n s  were 
needed be fo re  s e n s i t i v i t y  l e v e l s  com pat ib le  w i th  gc d e t e c t i o n  could  be 
a c h ie v e d .
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d i v e r s i f i e d  h is  s t u d i e s  t o  in c lu d e  a minor in Chemical Eng ineer ing .
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